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Abstract
This thesis investigates the use of binocular information for motion-in-depth (MID) 
perception. There are at least two different types of binocular information available 
to the visual system from which to derive a perception of MID: changing disparity 
(CD) and inter-ocular velocity differences (IOVD). In the following experiments, we 
manipulate the availability of CD and IOVD information in order to assess the relative 
influence of each on MID judgements.
In the first experiment, we assessed the relative effectiveness of CD and IOVD 
information for MID detection, and whether the two types of binocular information 
are processed by separate mechanisms with differing characteristics. Our results 
suggest that, both CD and IOVD information can be utilised for MID detection, yet, 
the relative dependence on either of these types of MID information varies between 
observers.
We then went on to explore the contribution of CD and IOVD information to time-
to-contact (TTC) perception, whereby an observer judges the time at which an 
approaching stimulus will contact them. We confirmed that the addition of congruent 
binocular information to looming stimuli can influence TTC judgements, but that 
there is no influence from binocular information indicating no motion. Further to 
this, we found that observers could utilise both CD and IOVD for TTC judgements, 
although once again, individual receptiveness to CD and/or IOVD information 
varied.
Thus, we demonstrate that the human visual system is able to process both CD 
and IOVD information, but the influence of either (or both) of these cues on an 
individual’s perception has been shown to be mutually independent.
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1General Introduction1. 
Binocular Information   1.1 
Binocular visual information refers to the information available only when the images 
from the two eyes are combined. In some animals, the eyes are placed on either 
side of the head, e.g. rabbits, horses and deer, giving them a wide field of view. 
Other animals, including humans, have the two eyes placed in the front of the 
head. With two forward-facing eyes, the field of vision includes a large degree of 
overlap between the images available to each eye, the portion of overlap is referred 
to as the binocular visual field. This overlap spans approximately 120º in humans 
(Lens et al., 2007), and gives rise to certain potential advantages. Firstly, it allows 
the visual system a ‘second chance’ at processing the visual information in the 
binocular field. Evidence has shown that binocular viewing can reduce detection 
and discrimination thresholds in comparison to monocular viewing conditions, an 
effect termed binocular summation (for a review see Blake, Sloane & Fox, 1981). This 
is an advantage of similarity between the two eyes’ inputs, the second advantage, 
however, arises from the difference between these inputs. 
Due to the horizontal separation of the two eyes in the head, each views the 
environment from a unique position. Therefore, objects within a scene are viewed 
from slightly different angles by each eye. This gives rise to systematic differences 
between the two retinal images that can be utilised to infer three-dimensional spatial 
properties of the visual scene. It is these differences, and the information that they 
convey, that are the focus of this thesis. In this chapter, we describe the information 
available to binocular systems concerning depth and motion-in-depth perception. 
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We also discuss the evidence for the use of this information, and what methodologies 
have been employed to investigate binocular vision. We conclude the chapter with a 
summary of the aims of this thesis.
Binocular Vision and Depth Perception: A Brief History   1.2 
Although it has long been recognized that each eye receives a different view of the 
world, the contribution of this information to the perception of depth has only been 
addressed relatively recently. Here, we give a brief overview of the progression of 
study into binocular vision as a source of depth information (for a detailed history, 
see Wade, 2000). 
Early study of binocular vision focused largely on the phenomenon of viewing the 
environment with two eyes, yet perceiving a single coherent image. At around 300 
BC, Euclid noted that binocular viewing reveals more of the scene than when using 
only one eye (see Boring, 1942). He also displayed knowledge of the geometry 
of binocular convergence, the angle at which the lines of sight from the two eyes 
converge upon a single point. It is now acknowledged that, when the angle of 
convergence and the distance between the two eyes is known, it is possible to 
calculate the distance between observer and fixation point (Cormack & Fox, 1985). 
Yet, although convergence appears to have been recognised relatively early in 
history, its importance in terms of depth information was not so clearly documented 
(see Boring, 1942).
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Da Vinci (1452-1519) noted the significance of binocular vision as a source of depth 
information, stating that, unless viewed with a single eye and at a distance, paintings 
were unable to replicate the ‘relief’ of natural scenes despite accurate representation 
of pictorial depth cues such as lighting, perspective, shading and colour (Trattato della 
Pittura, from Boring, 1942).  Manuscripts also show that da Vinci had considered the 
problem of ‘transparency’ of objects. This refers to the perception of a ‘transparent’ 
object that arises when portions of the background are occluded by the object for 
one eye, but visible to the other eye, as illustrated in figure 1.1. Here, it can be seen 
that the object occludes different sections of the background for each eye. Although 
section AB is occluded from the right eye’s view, this section is visible to the left eye, 
conversely, section CD is not seen by the left eye, but is visible to the right eye. When 
Leonardo’s Paradox. An object viewed with both eyes occludes different Figure 1.1 
sections of the background for each eye, such that the entire background is viewed by 
at least one eye. Lines of occlusion indicated by dashed lines. Section AB occluded 
from right eye, section CD occluded from left eye.
A B C D
Left eye Right eye
Object
Background
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viewing such a scene, both the object and a continuous background are perceived, 
this has been referred to as Leonardo’s Paradox (Boring, 1942). However, it is unclear 
whether da Vinci fully realized the significance of this binocular geometry in relation 
to estimations of depth (Boring, 1942). 
In the seventeenth century, Aguilonius (1613) described the plane containing the 
point of fixation, which would later be refined and referred to as the horopter, and 
noted that the distance of this plane from the observer relied on the angle at which 
the eyes converge. Descartes (1637) detailed the natural geometry of convergence of 
optical axes, and likened the estimation of distance from convergence on a fixation 
point to a blind man that obtains the distance of an object by using two staves, one 
in each hand, angled in front of him. Support for the idea of binocular vision as an 
important source of depth information continued, and in the eighteenth century, 
Berkeley (1709) argued that convergence and accommodation (the change in focal 
length of the lens brought about by contraction of ciliary muscles) provided the 
primary sensory data for depth perception of short distances, whereas monocular 
cues to depth were secondary. However, Berkeley argued that the relation between 
these cues and depth was learned with experience, and he opposed Descartes’ 
application of natural geometry.
Joseph Harris somewhat reconciled Descartes’ geometrical method and Berkeley’s 
immaterialism regarding their views on the relation between converging optical axes 
and perceived distance (1775 from Canto, 1977 p.438-9, as cited in Boring, 1942). 
He stated that the optical angle of convergence need not be measured explicitly, 
but that the motor inclination of the eyes was necessarily linked to distance in the 
natural world, a relation that he suggested was obtained from experience. Harris 
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also linked the perception of depth with the differences in the images obtained by 
each eye, i.e. binocular parallax (from Boring, 1942). However, it was not until the 
nineteenth century that Charles Wheatstone (1838) described stereopsis, the process 
by which an observer obtains a perception of depth from the differences between 
images presented to the left and right eyes, i.e. binocular disparity. 
Wheatstone was a pioneer of 3-D imaging, and built the first stereoscope, an 
instrument that displays different images to the two eyes separately. With this, it 
was possible to manipulate the correspondence between points in the images seen 
by each eye, which led to changes in the perceived depth of points in the visual 
scene. What was originally a work of vision research became popular entertainment 
for Victorian society. Many different types of stereoscopes soon became available, 
popularised largely by Brewster (1856). Public attention increased with the advent of 
photography and purported interest of Queen Victoria herself at the Great Exhibition 
of 1851 in Crystal Palace, London. In 2010, we are now seeing a resurgence in 3-D 
cinema, whereby binocular differences in dynamic images presented to each eye 
are utilized to create a sensation of depth for entertainment purposes. Research on 
binocular vision and its relevance to the perception of depth has become increasingly 
prevalent over the last 50 years, however, there are still many unanswered questions 
as to the use of binocular information, and its impact on depth perception. We 
now define binocular disparity, and the information that this makes available for the 
estimation of depth.
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Binocular Disparity: Definitions1.3 
As we have mentioned, the horizontal displacement of the eyes in the head means 
that they view the environment from unique angles, and thus receive slightly different 
images, i.e. binocular disparity. The binocular disparity of projections at the retinae 
can be described in absolute or relative terms. Absolute binocular disparity is defined 
with respect to the fovea, and indicates the difference in depth between a single point 
in the scene and fixation. Relative binocular disparity is defined between two visual 
points in the scene, and indicates the relative depth of these points independently of 
fixation.
Absolute Binocular Disparity1.3.1 
Figure 1.2 illustrates geometrical information available to the visual system for 
deriving spatial information from a single visual point in the environment. In the 
example given in figure 1.2, the eyes are fixated on a distant point, shown by dashed 
lines from the foveae (indicated by small grey dots at the back of the eye). A point 
in the visual scene (black dot) projects to the retinae at an angular distance of φL (in 
degrees) from the fovea in the left eye, and φR from the fovea in the right eye. The 
absolute binocular disparity, δa, of the point is given by the difference between these 
two angles: 
[1.1]
When the point of interest is closer than fixation, as illustrated in figure 1.2, a positive 
value of absolute binocular disparity is obtained. This is referred to as crossed 
disparity, as the visual lines to the object ‘cross’ in front of the point of fixation. 
When the point is further than fixation, a negative value is given, and is referred to 
as uncrossed disparity as the visual lines converge beyond the fixation point. Using 
δr = θL − θR
z ≈
δr ⋅ d2
I
δa = φL − φR
d ≈
I
(φL − φR)
δr = α − β
Vx =
VR + VL
2
Vz = VR - VL
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the distance between the two eyes, I, an estimate of the distance, d, of the point can 
be obtained from the following approximation:
[1.2]
where φL and φR are defined in radians, and small (≤10º), such that they are 
approximately equal to their tangents (i.e. φR ≈ tan φR, and φL ≈ tan φL: the small 
angle approximation). For the full equation and working of this simplification, see 
appendices A.1 and A.2, respectively. We discuss the assumptions used for small 
angle approximations, and the potential errors incurred, below (see section 1.3.3). 
The magnitude of absolute binocular disparity, being defined with respect to the 
foveae, is dependent on the position of the eyes. As an observer casts their gaze 
across a scene, the absolute binocular disparity of a single static point in the scene 
δr = θL − θR
z ≈
δr ⋅ d2
I
δa = φL − φR
d ≈
I
(φL − φR)
δr = α − β
Vx =
VR + VL
2
Vz = VR - VL
Absolute binocular disparity. Illustrates visual angles of binocular vision for Figure 1.2 
fixation in the distance (dashed lines), and a single visual point in depth (black circle), 
as viewed from above. Foveae represented by small grey circles.
α
β
A
B
z
I
θL θR
Distant fixation
d
φL φR
d
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varies. If the eyes rotate to fixate the point in question, then the image will fall on the 
fovea, and the value of absolute binocular disparity will be zero. One use of absolute 
binocular disparity information might therefore be to guide the rotation of the eyes to 
converge on a desired point (Pobuda and Erkelens, 1993). We discuss evidence for 
the use of absolute binocular disparity in the next chapter (see section 2.1.3).
Relative Binocular Disparity1.3.2 
In natural viewing situations, there are a multitude of different points in the visual 
scene that may be utilised to derive relative 3-D spatial information that is invariant 
across gaze direction and fixation. In figure 1.3, we illustrate a simple example of 
two points in depth, A and B, which project to different locations on each retina 
(indicated by black lines). The angular difference between these locations is shaded, 
and denoted θL and θR for the left and right eye respectively. Relative binocular 
disparity, δr, is given by the difference between these values:
[1.3]
This is equivalent to finding the difference in angles α and β subtended by the two 
eyes and the physical points in depth: 
[1.4]
Relative binocular disparity is constant across all fixation points. For example, in 
figure 1.3 the eyes may be converged in any direction, or at any distance, but the 
angles at which points A and B project to the retinae remain constant, as long as 
they fall within the binocular field. Relative binocular disparity is therefore invariant 
with respect to fixation and eye movements.
δr = θL − θR
z ≈
δr ⋅ d2
I
δa = φL − φR
d ≈
I
(φL − φR)
δr = α − β
Vx =
VR + VL
2
Vz = VR - VL
δr = θL − θR
z ≈
δr ⋅ d2
I
δa = φL − φR
d ≈
I
(φL − φR)
δr = α − β
Vx =
VR + VL
2
Vz = VR - VL
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When the distance, d, to a point is known, the distance between two points in a 
scene, z, can be approximated from δr (in radians) using a simplified equation: 
 [1.5]
where I is the distance between the two eyes, and small angle approximations are 
satisfied. See appendices A.1 and A.2 for  the full equation and working of the 
simplification.
δr = θL − θR
z ≈
δr ⋅ d2
I
δa = φL − φR
d ≈
I
(φL − φR)
δr = α − β
Vx =
VR + VL
2
Vz = VR - VL
 Relative binocular disparity. Illustrates angles of binocular vision for two Figure 1.3 
points, A and B, in the scene (α and β, respectively), as viewed from above. Fixation 
irrelevant.
α
β
A
B
z
I
θL θR
Distant fixation
d
φL φR
d
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Small Angle Approximations1.3.3 
The simplified equation (1.5) is often used to describe the relationship between 
distances and relative disparities in publications, but if certain criteria are not met, 
then this simplification can produce incorrect results. The simplification requires that 
visual angles that are no larger than around 10º, and that the following small-angle 
approximations are satisfied:
Symmetrical convergence - fixation and target points close to the midsagittal 1. 
plane (vertical plane passing through the midline of the body) relative to their 
distance from the observer.
Distance between the two points in depth is small relative to the distance of 2. 
the closest point, i.e. z << d.
If these assumptions are satisfied, then α and β (in radians) approximate their own 
tangents, and the simplified equation yields a reasonably accurate value of distance. 
If, however, they are not satisfied, then the simplified equation yields errors in 
distance calculation.
Cormack and Fox (1985) explicitly addressed these assumptions and noted the 
ranges of error in depth calculation that they can lead to. Assumption one leads 
to larger errors for shorter fixation distances, as the same metric distance from the 
midsagittal plane (e.g. 2cm) necessarily increases as a proportion of the distance 
from the observer for shorter viewing distances (e.g. 4% at 50cm, 8% at 25cm). For 
fixation distances greater than 25cm from the observer, errors in the calculation of 
distance from asymmetric convergence do not exceed 2% with uncrossed disparity 
(i.e. target further than fixation). However, the magnitude of crossed disparity is 
linked to increasing error in the calculation from asymmetric convergence, with error 
11
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reaching 2% for crossed disparities of -2.3º at a fixation distance of 25cm (Cormack 
& Fox, 1985). This difference in errors between crossed and uncrossed errors is due 
to the fact that the same metric depth interval always yields a larger value of crossed 
disparity than uncrossed disparity. Cormack & Fox (1985) give the example that at 
a (symmetrical) fixation of 100cm, a depth interval of ±10cm leads to an uncrossed 
disparity of 20.3’, whilst the crossed disparity is -24.8’. The simplified calculation 
does not account for this discrepancy between crossed and uncrossed disparities, 
but where assumption two is satisfied, and disparity values are small, this does not 
have a significant effect on the calculated distance.
Much of the research into disparity processing uses stimuli in the midsagittal plane 
to simplify displays, unless explicitly testing factors of extremity, therefore the first 
assumption is usually satisfied. Similarly, the distance in depth between points 
presented in experimental stimuli is usually small in relation to the viewing distance 
in order to avoid diplopia, i.e. when the two eyes’ images can no longer be ‘fused’ 
into a single percept, and two separate images are perceived. Therefore, the second 
assumption is also satisfied in the majority of binocular vision studies, and there 
should be little error from distance calculated using small angle approximations. 
In our investigations, we have used full calculations of disparity (see appendix A.1), as 
opposed to the simplified approximation, to present our stimuli. However, all stimuli 
displayed in depth were presented along the midsagittal plane, and at distances 
greater than 1m, leading to low levels of error if simplified calculations had been 
used. 
12
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Binocular Vision and Depth Perception: Evidence1.4 
Wheatstone (1838) argued that disparity is sufficient to evoke perception of depth, 
and demonstrated that, by moving the images presented to each eye in opposite 
horizontal directions, and at equal speeds, the perceived image appeared to move 
in depth along the midsagittal plane (Wheatstone, 1852). The perceived change in 
depth was not induced by monocular information, as the images did not change 
in size, shading, perspective, or any other monocular cue. From these findings, it is 
possible to argue that motion of the eyes could account for the changing perception 
of depth. That is, as the two eyes track the moving object, they rotate in the head 
(change in vergence), and the ciliary muscles adjust the lens to focus on the object 
(accommodation).
Dove (1847) presented observers with a stereogram, a stereo image composed of two 
images differing in the correspondence of points between the two eyes, for a brief 
duration. The stereogram was presented tachistoscopically (via a brief flash) so that 
there was no time for the eyes to converge across the scene. It was found that the 
stereograms evoked a perception of depth despite the lack of vergence information, 
supporting the idea that binocular disparity can inform depth perception (see Boring, 
1942).
Wheatstone (1852) also reported the effects of the pseudoscope, an instrument 
that swaps the left and right eyes’ images. This leads to the inversion of disparity 
information, with crossed disparities turned into uncrossed disparities and vice-versa. 
However, Wheatstone noted that not all objects were immediately perceived as 
inverted in depth when using the pseudoscope. He found that objects were more 
readily perceived as inverted in depth when their converse forms were familiar, 
13
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giving such examples as the solid, convex appearance of the inside of a tea-cup, and 
a framed picture appearing to be embedded into the wall. Yet, visual scenes that 
contained monocular cues to depth, such as shading, often reverted to their normal 
depth order during viewing, this change in relief also occurred instantaneously 
when one eye was shut. This suggests that binocular cues to depth are not the 
only information used to build a perception of depth, but can interact with other, 
monocular, cues and top-down information.
In order to examine binocular depth cues empirically, careful control is needed 
over the visual features in a stimulus. Julesz (1960) designed a stimulus that omits 
monocular cues to static depth perception, the random dot stereogram (RDS). This 
consists of a pattern of randomly positioned dots, manipulated to produce 2 ‘half-
images’ - one for each eye, which evoke the perception of a single 3-D image when 
viewed simultaneously. Dots that are matched in position between the two eyes 
are ‘fused’ by the visual system to yield a perception of a single dot in depth. The 
binocular disparity of fused dots can be manipulated via lateral displacement of 
corresponding dots within the half-images of RDS stimuli. For example, in figure 1.4 
(over page) a square is made to appear to stand out in depth in a RDS stimulus by 
shifting dots within each half-image laterally in opposite directions. This introduces a 
crossed disparity value to all dots within the square, relative to the surrounding dots. 
As shown by the separate left and right half-images in figure 1.4, the dots within the 
square appear identical to all others in the half-image, and so the square itself is not 
visible to each eye in isolation. The 3-D pattern is only apparent when both eyes 
receive their corresponding image and correct matches are made between these. 
How the visual system matches elements across the eyes is a complex research issue - 
14
Binocular Vision and 3-D Motion Perception
the correspondence problem, discussion of which is beyond the scope of this review. 
However, the robust perception of depth evoked by RDS stimuli demonstrates that a 
pattern defined only by disparity can be perceived, and thus confirms Wheatstone’s 
(1838) view that binocular disparity is sufficient to signal depth to an observer. 
As RDS stimuli enable depth perception in the absence of monocular cues, they 
have frequently been used in the investigation of 3-D binocular perception to 
control for the availability of cues such as relative size, texture gradient and figure-
ground separation from outlines. We have noted several important milestones in the 
investigation of depth perception from binocular information, however, in the past 
decades, the contribution of binocular information to depth perception has been 
supported using numerous types of stimuli and experimental design. It is beyond the 
RDS composition. The central square patch of dots (indicated by dashed Figure 1.4 
lines) in each half-image is shifted laterally (to the right for the left eye, and left for 
the right eye). The composite image illustrates the positional differences of dots 
between the two half-images when overlaid. The desired perception is illustrated in 
the final box, the central patch of dots appears tostand out in depth compared to the 
background dots on the display.
Left Half-image Right Half-image
Composite Perception
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scope of this section to review this literature in detail here, see Howard and Rogers 
(2001) for further review. Research relevant to the topics discussed in this thesis will 
be described in more detail in the appropriate sections. 
Motion-In-Depth (MID)1.5 
We have, thus far, introduced concepts pertaining to the perception of static depth. 
We now turn our attention to the information available for perception of MID, as a 
visual stimulus moves in three-dimensions
Looming1.5.1 
Probably the most apparent visual cue to MID is the change in retinal size of an object 
that accompanies changes in distance from the observer. As an object approaches, 
the image at the retina undergoes symmetrical radial expansion (Wheatstone, 1852). 
Figure 1.5 illustrates the approach of a disc directly toward the eye. At an initial 
distance of 1m, a disc of 5cm diameter would have an angular diameter of 2.86º at 
the eye. At a distance of 0.5m, the disc would subtend 5.72º at the eye. Therefore, 
although the object’s physical size remains constant in the real world, the size of its 
image at the retina increases. 
Looming information. Dashed lines represent the visual lines between the Figure 1.5 
eye, the edges of the disc, and consequently the contour of the disc in the retinal 
image. As a disc moves towards the observer, from distance 1 (blue) to distance 2 
(red), the size of the disc in the retinal image increases (blue to red retinal images).
Retinal 
Image
Disc at 
distance 2
Disc at 
distance 1
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Although weak, or absent, at birth, sensitivity to looming information has been 
suggested to develop within the first year of infancy. Yonas (1977) showed that 
human sensitivity to looming objects begins to develop at around 4-6 months, and 
is present at 8-9 months. This was recorded by monitoring reaching and blinking 
behaviours in response to a cast-shadow stimulus. Although this behaviour had 
previously been thought to occur in younger infants (eg. Bower et al., 1970), Yonas 
(1977) found that the postural changes observed in 1-2 month old infants to looming 
stimuli could be accounted for by tracking the contour of the stimulus, and was not 
an avoidance behaviour. 
Regan and Beverley (1978) found evidence of channels that preferentially process 
looming information, using adaptation methods to selectively disrupt changing size 
information, and rule out the use of motion processing mechanisms. Subsequent 
research by Regan and his colleagues has explored the effect of looming on various 
aspects of MID perception that we will discuss in the relevant sections throughout 
this thesis (e.g. Gray & Regan, 1998, 1999; Regan & Beverley, 1979; Regan & 
Hamstra, 1993; Vincent & Regan, 1997).
Looming information pertaining to MID is considered a monocular cue, as it is 
available to each eye separately, and can therefore be detected when viewing a 
scene with only one eye. We now consider binocular cues to MID perception, i.e. 
those available when viewing the scene with two eyes.
17
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Horizontal Vergence1.5.2 
We have previously mentioned that changes in the rotational position of the two 
eyes in the horizontal plane, i.e. horizontal vergence, could be used to infer changes 
in depth. If an observer fixates on a point that moves directly towards them in the 
midsaggital plane, then they will need to rotate the eyes inwards, towards the nose, 
to maintain fixation. If the point moves away from them, the two eyes will maintain 
fixation by rotating outwards, towards the ears. Vergence is an oculomotor (extra-
retinal) cue to MID, and can be measured objectively by tracking the eye movements 
throughout presentation of a moving stimulus. As the focus of this thesis is on the 
retinal information used to perceive MID, discussion of vergence information will be 
limited in the following chapters. Therefore, we briefly review here the evidence that 
vergence information plays a role in MID perception.
Erkelens and Colewijn (1985b) and Regan, Erkelens and Collewijn (1986) measured 
eye movements whilst observers performed a MID detection task. MID stimuli 
consisted of random dot stimuli, and were presented either in isolation, or with 
reference information, in order to explore the effects of relative MID information. 
Isolated stimuli therefore contained only absolute MID information, such as 
vergence and changes in absolute disparity. Erkelens and Collewijn (1985) found 
that counterphase triangular wave motion of half-images (i.e designed to appear to 
move towards, then away from, the observer at constant speed) did not induce a 
sensation of MID when presented without reference information. This held for lateral 
separations of the half-images of up to 3º, and at image vergence rates of up to 6º/s. 
These findings were replicated by Regan et al. (1986), who showed that changes in 
binocular disparity of up to 1.7º did not produce a perception of MID for isolated 
18
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random-dot stereograms. These results suggest that changes in horizontal vergence 
were not sufficient for MID perception of a random-dot disparity defined stimulus. 
Regan et al. (1986) also tested single dot and bar stimuli, and found that removing 
reference information did not abolish the sensation of MID, but detection threshold 
was greatly elevated. To explore the difference between single dot and multi-dot 
pattern findings, a single dot target was presented within a circle of surrounding 
dots, all moving coherently in depth. Regan et al. showed that the proximity of the 
surround to the single dot target affected the ability to perceive MID. A separation 
between the target and surround of ~2º in the frontoparallel plane was needed to 
lower the detection threshold to that of a single dot stimulus. The MID sensation of 
the single dot target was abolished when the gap between the target and surrounding 
dot pattern was less than approximately 1º in the frontoparallel plane. They 
concluded that the abolition of MID sensation with multi-dot targets in the absence 
of stationary reference information is due to suppression from lateral interaction of 
neighbouring dots with the same motion.
However, a simpler explanation has been put forward, which pertains to cue 
conflict (Kohly and Ono, 2002; Harris, 2006; Nefs and Harris, 2007; Howard, 2008; 
Welchman Harris & Brenner, 2009; González, Allison, Ono & Vinnikov,  2010). The 
stimuli used for Regan et al.’s experiment remained constant in retinal size throughout 
presentation. Hence, the MID information from absolute binocular disparity and 
vergence were in conflict with the cue of looming. It has been shown that the 
relative impact of looming information and binocular disparity on MID perception 
varies with the size of the target (Regan & Beverley, 1979, Gray & Regan, 1998), such 
that looming is more informative, and has more influence on MID perception when 
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the target is large than when it is small (Regan & Beverley, 1979). Following this 
logic, the perception of MID from large, multi-dot stimuli may be more adversely 
affected by the lack of looming than a single dot target. Also, binocular information 
may be more influential than looming information for perceiving MID from single 
dot targets in comparison to multi-dot targets, leading to the reported results. The 
effect of proximity of the surround pattern to the target dot reported by Regan et al. 
(1986) may be the result of processing the entire stimulus (target and surround) as a 
single, large ‘object’. The surround pattern contained the same motion information 
as the target dot, and it is likely that decreasing the gap between these led to the 
motion information being processed as a single stimulus. This larger stimulus would 
then be subject to the effects of cue-conflict from the absence of change in stimulus 
size, as with the large target dot patterns.
This cue-conflict explanation is consistent with the findings of Brenner et al. (1996), 
who investigated the use of information from vergence, looming and changes in 
relative disparity for making velocity and final position judgements. These three cues 
were manipulated independently to signal either coherent MID or no MID. They 
reported that all three types of MID information influenced velocity judgements in a 
matching task.  When looming and changes in relative disparity indicated MID, and 
vergence remained constant, indicating no motion, observers’ estimates of velocity 
were reduced, relative to estimates for trials when all three information sources 
signaled coherent MID. However, when vergence was the only cue signalling 
MID, and there was no change in retinal size or relative disparity of the target, no 
perception of MID was reported. This suggests that, although vergence information 
can influence MID perception, it is not sufficient to evoke it when placed in conflict 
with looming and relative disparity information that signals no change in depth.
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Technological advances in eye-tracking equipment have improved the methods 
and precision of recording eye movement over the past decades, and recent studies 
have restated the importance of vergence cues to MID perception. For example, 
Welchman et al. (2009) reported evidence that both retinal and extra-retinal 
information can be sufficient for MID direction judgements, and that these types of 
information are combined for MID performance. In agreement with this, González 
et al. (2010) have shown that, when not in conflict with monocular cues to MID, 
vergence is sufficient to yield a perception of MID from random-dot pattern stimuli. 
The evidence therefore supports the hypothesis that vergence information can be 
used for MID perception.  
Changing Disparity. Figure depicts observer and two visual points in depth Figure 1.6 
across three points in time. As the red point moves further away from the observer, 
the visual angle it subtends (β, marked by solid red lines) with respect to the two eyes 
decreases, i.e. β1 > β2 > β3. As the blue point remains stationary, the angle α remains 
constant (α1 = α2 = α3). Therefore, the difference between the two angles (α - β), i.e. 
the relative disparity, increases, δ1 < δ2 < δ3.
α1
β1
α2
β2
α3
β3
time 1 time 2 time 3
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Changing Disparity (CD)1.5.3 
Changing disparity refers to changes in binocular disparity over time of an object 
moving in depth. As a point moves in depth, the angle it subtends with respect to 
the two eyes changes. This is illustrated in figure 1.6, where an observer fixates on 
one object (dashed blue lines), and another object moves in depth (solid red lines). 
The disparity value of the moving object relative to the fixated (and other) objects 
in the scene changes over time. In the illustrated example, the relative disparity, δr, 
between the two points is given by α - β. At time 1, the relative disparity between 
the points is smaller than at times 2 and 3 as the depth between the two points 
increases, i.e. δr1 < δr2 < δr3. Monitoring the magnitude of changes in disparity over 
time yields information from which it is possible to derive a perception of movement 
in depth. 
Figure 1.7 outlines the main theoretical stages of processing CD cues as suggested 
by Cumming and Parker (1994). Firstly, each of the eyes receives a projection of the 
scene, with the same physical points represented in each retinal image at a location 
relative to the fovea. As described in section 1.3 above, the angular differences 
between the two retinal images, the binocular disparities, may then be derived. As 
an object moves through space, the changes in binocular disparity values alone can 
inform MID perception (Julesz, 1971).
Disparity
calculated
Monitored
over time
Left eye
input
Right eye
input
MID
percept
CD processing stages (Cumming & Parker, 1994).  See text for description.Figure 1.7 
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Inter-Ocular Velocity Differences (IOVD)1.5.4 
3-D movement of an object in space projects 2-D motion to each retina. Figure 1.8 
illustrates the example of a ball moving away from the observer at an angle, and the 
images that this movement projects to each eye separately. As the point moves from 
the nearer (blue) point to the farther (red) point, the left eye sees a small amount of 
motion to the right. As the right eye views the scene from a different angle, it sees 
a more significant right-ward motion of the object in the same time-frame, giving 
rise to different velocities at each eye (VL and VR - denoted by arrows under each 
eye’s image in figure 1.8). Inter-ocular comparison of these image velocities can yield 
information on the 3-D motion of the ball (Regan, 1993). The lateral component of 
this motion (Vx) may be found by averaging the velocities presented to the two eyes:
  [1.6]
The depth component of the motion (Vz) may be derived from the difference 
between the two velocities (i.e. IOVD):
[1.7]
Figure 1.9 shows the main theoretical stages of IOVD cue processing (Cumming and 
Parker, 1994). Each eye receives an input containing a velocity signal, the difference 
between these velocities is then calculated, from which it is possible to build a 
perception of motion in depth. Therefore, unlike CD information, which requires 
temporal changes in binocular disparity information, IOVD cues require the inter-
ocular combination of monocular information on speed and direction.
Whilst there is a clear theoretical distinction between changing disparity and inter-
ocular velocity difference, they are both present and completely correlated for all 
visual motion presented in the natural world. For this reason, there are still many 
δr = θL − θR
z ≈
δr ⋅ d2
I
δa = φL − φR
d ≈
I
(φL − φR)
δr = α − β
Vx =
VR + VL
2
Vz = VR - VL
δr = θL − θR
z ≈
δr ⋅ d2
I
δa = φL − φR
d ≈
I
(φL − φR)
δr = α − β
Vx =
VR + VL
2
Vz = VR - VL
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IOVD information. Illustration of ball motion from initial location (blue Figure 1.8 
point), to final location (red point), as viewed from above. The arrow to the left of 
the figure indicates the trajectory of the motion, z refers to the motion in depth, x 
refers to the lateral motion component. Boxes at the bottom of the figure represent 
the velocity seen by each eye (VL and VR). Note that these are not retinal images, but 
represent the 2-D images available to the eyes. Not to scale.
z
x
m
ot
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n
VL VR
Left eye
velocity
Right eye
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IOVD 
calculated
MID
percept
Left eye
input
Right eye
input
IOVD processing stages (Cumming & Parker, 1994). See text for Figure 1.9 
description.
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questions as to which of these two cues are used by the visual system, under what 
conditions and via what mechanisms. Here, we consider the contribution of CD and 
IOVD cues to MID perception, and review the way in which these signals have been 
investigated and compared. We first describe how random-dot stereogram stimuli, 
as mentioned above, can be manipulated to control the availability of CD and IOVD 
information independently in MID stimuli.
MID Information from Random Dot Stimuli 1.6 
Previously, we described the formulation of RDS stimuli to generate static depth 
perception. By presenting a sequence of RDS, apparent motion is generated that 
can vary in the x- and z-axis components independently. We now describe three 
different types of RDS sequences that are manipulated to present i) both CD and 
IOVD information, ii) CD information, with no coherent IOVD information, and iii) 
IOVD information, with no coherent CD information.
Illustration of RDS sequence composition. Half-images for left and right Figure 1.10 
eyes shown for frame 1 and frame 2 of stimulus presentation. Binocular correlation of 
dots indicated for frame 1 by tick mark between the half-images. Temporal correlation 
indicated by tick marks between frames. Not to scale.
  
  
    
Left half-image Right half-image
Frame 1
Frame 2
Presented dot
Correlation
Dot location in frame 1
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Random-Dot Stereograms (RDS)1.6.1 
By displaying a sequence of random dot stereogram images with a smooth 
modulation in disparity, one can evoke apparent MID (Julesz, 1971). Presenting the 
same random dot pattern in each frame, with an increasing (or decreasing) lateral 
displacement of the dot pattern between the two half-images, gives rise to both CD 
and IOVD information, either (or both) of which could evoke a perception of MID. 
However, by manipulating the patterns of dots in each half-image and across time, it 
is possible to selectively isolate CD and IOVD MID cues. A standard RDS sequence 
of direct MID (i.e. in the midsaggital plane) presents identical dot patterns to each 
eye, moving in opposite directions between frames, illustrated in figure 1.10. These 
dots contain both binocular and temporal correlation, i.e. all dots are matched in 
position between the half-images presented to each eye, and over time. Binocular 
correlation allows for disparity values to become available, which can be modulated 
over time to convey CD information. Temporal correlation leads to a monocular 
motion signal over time for each eye, yielding IOVD information. We will describe 
the effects of these types of correlation in more detail in the following sections.
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Dynamic Random Dot Stereograms (DRDS)1.6.2 
In 1971, Julesz developed a random-dot stimulus to isolate CD cues - DRDS (Julesz, 
1971). DRDS stimuli present changing disparity by shifting dots laterally between 
half-images, thereby increasing/decreasing disparity across frames. Yet these disparity 
differences are produced by novel dot patterns on each frame, thus removing the 
coherent monocular motion needed for IOVD calculation (see figure 1.11). DRDS are 
therefore binocularly correlated, as all dots are matched in position between the two 
half-images, but they are not temporally correlated - there is no correlation between 
the position of dots on frame one and frame two. This stimulus is capable of evoking 
a clear perception of MID, and is therefore held as evidence that stimuli containing 
only CD cues are sufficient to yield perception of MID (Cumming & Parker, 1994; 
Julesz, 1971). This also implies that IOVD cues are not necessary to perceive MID. 
Illustration of DRDS composition. Half-images for left and right eyes Figure 1.11 
shown for frame 1 and frame 2 of presentation. Dots are binocularly correlated, 
indicated with tick marks, but not temporally correlated, indicated with crosses. Not 
to scale.
  
  
    
Left half-image Right half-image
Frame 1
Frame 2
Presented dot
Correlation
Dot location in frame 1
““
No correlation“
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Temporally Correlated Random Dot Stereograms (TCRDS)1.6.3 
A third type of stimulus isolates the IOVD cues to MID by presenting each eye with 
a different dot pattern that contains the appropriate lateral motion over time (Shioiri, 
Saisho, & Yaguchi, 2000), as illustrated in figure 1.12.  In order for an IOVD signal to 
become available, each eye must receive the appropriate 2-D motion information, 
and therefore requires patterns projected to a single eye to be correlated over time 
- temporal correlation. Temporally correlated random-dot stereograms (TCRDS) 
present coherent motion of a dot pattern to each eye over successive frames, but 
the patterns are different for each eye (i.e. no binocular correlation). As dots are not 
binocularly correlated, CD cues are no longer available and only IOVD cues to MID 
remain. 
Illustration of TCRDS composition. Half-images for left and right eyes Figure 1.12 
shown for frame 1 and frame 2 of stimulus presentation. Temporal correlation (tick 
marks between frames) leads to lateral motion across frames in each half-image 
(arrows). No binocular correlation exists, in that there is no match in dot position 
between left and right half-images, indicated by crosses. Not to scale.
  
  
    
Left half-image Right half-image
Frame 1
Frame 2
Presented dot
Correlation
Dot location in frame 1
No correlation“
“
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Evidence for Isolation of CD and IOVD Information 1.7 
It has been argued that random positional matches may still be available between 
dots in the two half-images in TCRDS, leading to CD information (Allison, Howard 
& Howard, 1998). As each eye is presented with a different random-dot pattern, it is 
possible that dots in similar locations between the two half-images may be ‘matched’, 
as if they are the same point viewed by both eyes (as in RDS and DRDS stimuli). If 
this occurs, then a relative disparity value of the dot is available. As the two dot 
patterns move in opposite directions, the disparity value of the ‘matched’ dot varies, 
giving rise to changing disparity information.
Shioiri, Saisho, & Yaguchi (2000) addressed this issue by presenting temporally 
correlated RDS in horizontal bands, vertically displaced between half-images so that 
blank grey bands were presented at the same vertical placement in one eye as the 
temporally correlated RDS band in the other eye. As dots could not be matched in 
vertical position between the retinae, no disparity values were available, and hence 
no CD information. They found that observers were still able to report direction of 
MID in this condition, and concluded that IOVD information alone can produce a 
reliable MID percept.  
Both DRDS (Cumming & Parker, 1994) and TCRDS (Shioiri et al., 2000) stimuli have 
been reported to yield MID perception, contributing evidence to the hypothesis 
that the visual system is able to use both CD and IOVD information. Yet this does 
not answer questions concerning which mechanism(s) are used to detect CD and 
IOVD cues, whether these mechanisms are independent and whether there are 
circumstances under which one cue dominates, or is more reliable. 
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Specific Mechanisms for CD and IOVD Processing?1.8 
Previous research has explored the possibility of specific mechanisms for processing 
MID, one way of doing this is to find separable perceptual effects, characteristic of 
only one type of 3-D motion cue. Several studies have used ‘after-effect’ phenomena 
to isolate such characteristics. A motion after-effect (MAE) occurs after adapting to a 
motion stimulus, whereupon a subsequent static visual stimulus is perceived to drift 
in the opposite direction; this illusion has been investigated both psychophysically 
and physiologically (for review, see Anstis, Verstraten, & Mather, 1998). Adaptation 
is thought to evoke after-effects only for visual information of the type processed by 
the affected mechanism. Therefore, if the visual system is able to adapt selectively 
to different types of motion information, producing different MAEs, then this may 
be taken as evidence of a separate mechanism underlying this type of information 
processing. For example, adaptation that preferentially facilitates or eliminates 
only one binocular cue to MID may be interpreted as having stimulated only one 
of two (or more) mechanisms. This can be interpreted as evidence for differential 
characteristics of separate underlying mechanisms processing CD and IOVD cues to 
MID. 
Indeed, investigation of adaptation and the ensuing MAEs has been used to explore 
putative MID mechanisms. Shioiri, Kakehi, Tashiro, & Yaguchi (2003) adapted one 
eye to sinusoidal gratings undergoing horizontal motion, and then presented a 
static grating to both eyes. The illusory horizontal drift of the stimulus from MAE 
in the adapted eye produced the perception of MID, arising from the different 
signals received by each eye. They reported two separate MAEs with different 
characteristics, one of 2-D lateral motion, and one of 3-D MID. The duration of the 
3-D MAE was approximately half that of the 2-D effect, and did not vary significantly 
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across different spatial frequencies. In contrast, the 2-D MAE lasted longest when the 
adaptation and test stimuli were of matching spatial frequency. Shioiri et al. (2003) 
reasoned that no CD cues were available from the stimuli, as the static test gratings 
conveyed motion signals without changes in position. They interpreted their results 
in terms of an IOVD mechanism that receives information from spatially tuned 
monocular motion detectors that combine output prior to comparison between 
monocular velocities. Thus, they suggest this is evidence of an IOVD mechanism 
with broad spatial frequency tuning. 
However, there is research that suggests that monocular MAEs do produce 
perceptual shifts in position (Fernandez & Farell, 2006), which would leave open the 
possibility of processing MID via disparity changes. For example, if the monocular 
MAE induces a lateral shift in the position of points at the adapted eye, then this 
will give rise to disparity, and hence disparity changes, between the projections 
of the static test pattern to the adapted and unadapted eye. Fernandez and Farell 
(2006) addressed these MAE artefacts indirectly by comparing after-effects from 
adaptation to rotational and translational motion (i.e. movement of all parts of an 
object in one direction, with no rotation or size change). They found that binocular 
differences between translational movements produced a perception of MID from 
both physical stimulation and from monocular MAE (one eye adapted). However, 
differential binocular rotation produced a MID percept only from physical motion, 
not from MAE. This difference is explained in terms of the high level of origin at 
which the positional changes occur, bypassing the low-level disparity detectors, 
and therefore not inducing disparity or CD signals. Thus they conclude that IOVD is 
responsible for the perception of MID following monocular adaptation to a pattern 
with a component of horizontal motion.
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Evidence for the Use of CD and IOVD Cues1.9 
So far, we have reviewed psychophysical evidence that MID is perceived via the use 
of isolated CD cues in DRDS stimuli, and by IOVD cues in TCRDS and MAE stimuli. 
However, there is also physiological evidence of distinct CD and IOVD sensitivity. 
Using fMRI scanning techniques and RDS stimuli, Rokers et al. (2009) reported 
evidence that the MT+ (combined putative MT/MST) plays a role in processing MID 
for both CD and IOVD information. They reported significant selectivity of MT+ 
activity for MID, and ruled out effects of 2-D motion and instantaneous binocular 
disparity. They also found MID selectivity for DRDS stimuli in comparison to stimuli 
which had been temporally and/or spatially scrambled, but otherwise retained 
characteristics of the DRDS stimuli. These significant differences in MT+ activity are 
in accordance with sensitivity to CD information.
However, variations in activity patterns between conditions indicated that some 
effects could not be accounted for solely by sensitivity to CD information. One 
example of this comes from the degradation of disparity information in anti-correlated 
stimuli - where a dot presented in one half-image is black, and its counterpart in the 
other half-image is white. Rokers et al. (2009) found significant differences in MT+ 
activity between MID and 2-D motion when presented in anti-correlated stimuli. 
These stimuli differ only in whether the dot patterns presented to each eye move 
in-phase (2-D motion) or anti-phase (MID). They therefore interpreted this finding as 
evidence of sensitivity to IOVD information.
The evidence suggests that the human visual system is able to make use of both CD 
and IOVD cues. If MID perception is available from more than one type of binocular 
information, we may ask which conditions precipitate the use of which signal(s)? If 
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CD and IOVD have different comparative advantages, then it is possible that the 
more reliable, or readily available of the two cues is used in any given situation. For 
example, it has been shown that disparity calculation is a relatively slow process 
(Regan & Beverley, 1973), whereas monocular motion signals are processed relatively 
quickly (Tyler, 1971). This may lead to IOVD cues being weighted more heavily in 
situations where a rapid estimation of MID is required. We now review two aspects 
of MID perception (MID detection, and speed discrimination), the research that has 
been conducted upon them, and report evidence for and against the contribution of 
CD and IOVD cues. 
MID Detection1.9.1 
Detection is used here to describe the ability to perceive MID and distinguish it 
from stationary stimuli and purely lateral motion. By examining the ability of human 
observers to use CD and IOVD information to detect MID, we can infer the existence 
and characteristics of processing mechanisms, e.g. sensitivity to depth amplitude, 
temporal resolution etc. Ultimately, this aids conclusions as to which of the binocular 
cues are sufficient and/or necessary to yield MID perception, and which are more 
reliable under minimal conditions. Research into the subject of detection of MID has 
yielded mixed conclusions. 
Cumming and Parker (1994) reported that threshold responses to MID were lower 
when viewing a DRDS than an RDS. The thresholds compared in this study represent 
the disparity amplitude that yielded correct detection on 75% of trials. For all but the 
highest oscillation frequencies (i.e. fastest MID), the DRDS stimuli (containing only 
CD cues) produced lower threshold values than the RDS (containing both CD and 
IOVD cues). The authors remark that this is somewhat surprising given that the RDS 
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stimuli contain at least the same MID information as the DRDS stimuli. They postulate 
that this may be due to the differences between the tasks themselves. Observers 
were required to distinguish MID in the RDS stimuli from lateral motion in a control 
stimulus, whereas the DRDS task requires MID from CD cues to be distinguished 
from a control stimulus with no temporal correlation, and therefore no motion at all. 
The differences in performance between the two conditions may therefore be an 
artefact of task differences - i.e. “distinguish MID from lateral motion” (RDS task) and 
“distinguish MID from no motion” (DRDS task). 
In the further two experiments in this study, Cumming and Parker (1994) attempted 
to eliminate binocular disparity cues from their stimuli, and retain monocular velocity 
signals corresponding to MID. They did this by presenting dots moving in opposite 
directions within four disparity planes, but lasting for only four video frames each 
(~70ms) before being replaced at a random location and maintaining the overall mean 
disparity. This design is reliant on the concept that the binocular disparity changes 
are beyond detectable temporal frequencies, but that the temporal resolution of 
monocular motion detection may be better, thus eliminating CD cues and retaining 
IOVD cues to MID. These stimuli failed to yield MID perception, however, when 
changes in mean disparity were presented with contradictory (and relatively large) 
IOVD cues to MID, the detection threshold increased, indicating a small interaction 
between the two cues. These authors concluded that CD cues to MID were more 
readily detected than IOVD cues, and hence that IOVD mechanisms “play a minor 
role, if any, in human stereomotion detection” (Cumming & Parker, 1994).
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Their paper (Cumming & Parker, 1994) attempts a quantitative comparison of the 
use of CD and IOVD cues, but although it yields numerical values for detection 
thresholds, the methods of isolating the two cues are not directly comparable. For 
example, the first experiment exposes continuous MID information for 1s, whereas 
the second experiment presents the equivalent of motion towards the observer, with 
MID information available for only ~70ms, under the rationale that the increased 
temporal resolution of monocular motion detection allows for processing of this 
information. Yet this relies on the IOVD mechanism possessing the same temporal 
resolution as known monocular motion abilities. If the IOVD mechanism has a poorer 
temporal resolution than its monocular motion counterparts, then it will also fail to 
produce MID perception from this stimulus. As such, the null result reported does 
not exclude the possibility of an IOVD mechanism for detection of MID. Differences 
in stimuli and tasks are a common occurrence in psychophysics, where mechanisms 
and their characteristics are inferred from task performance using careful stimulus 
manipulations designed to rule out the use of specific sources of information. An 
accumulation of studies with similar conclusions from different methods and/or 
perspectives can build a robust and interactive body of research, confirming and 
strengthening assertions on different aspects of underlying perceptual mechanisms.
A very different approach was taken by Harris et al. (Harris, McKee & Watamaniuk, 
1998) in order to ascertain whether detection of MID is processed by binocular 
mechanisms. These authors compared the detection of lateral motion and MID 
of a single target dot as a function of the number of stationary distractors. The 
authors proposed that mechanisms which process both target motion and distractor 
information would be disrupted by an increased number of distractors. When target 
motion was presented with a 2-D plane of distractors, motion detection was similar 
for lateral and depth motion. In contrast, when distractor dots were assigned random 
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disparity values so that they appeared as a static ‘cloud’ of dots in depth, detection 
of MID decreased substantially with increasing numbers of distractors. Lateral 
motion detection performance, however, remained relatively good under these 
conditions. As the only difference between the 2-D and 3-D distractor conditions 
was the addition of non-zero disparity values, the decreased ability to perceive MID 
with an increasing number of 3-D distractors suggests that static disparity processing 
mechanisms are involved in MID detection. These findings were confirmed and 
extended by Sumnall and Harris (2000) using similar stimuli to that used by Harris et 
al. (1998).
Speed Discrimination1.9.2 
In a series of experiments, Harris and Watmaniuk (1995) investigated the contribution 
of CD and IOVD information to speed discrimination. They found similar speed 
discrimination thresholds for binocularly viewed MID and monocular lateral 
motion. This was the case for both single dot targets and RDS stimuli, presented 
with static reference information. However, thresholds were substantially higher for 
DRDS stimuli, suggesting that CD information, in isolation, is a weaker cue to speed 
discrimination than signals incorporating monocular motion information.
To test whether responses to binocular MID stimuli were influenced by a single 
monocular input, or a combination of monocular inputs (i.e. IOVD), Harris and 
Watmaniuk (1995) performed an elegant manipulation of x-axis motion in a single 
dot stimulus. This led to different monocular speed information presented to each 
eye, but no change in speed of binocular MID information. x-axis motion was added 
to / subtracted from pure z-axis motion so that the dot stimuli moved along an 
oblique 3-D trajectory, i.e. to the right (added motion) or left (subtracted motion) 
36
Binocular Vision and 3-D Motion Perception
of the observer. The difference in direction caused by adding or subtracting x-axis 
motion had no effect on the presented speed of MID. However, the speeds of the 
component 2-D monocular inputs were intrinsically linked to this manipulation. 
That is, by adding x-axis motion, the speed of the right-eye input increased, and the 
left eye input decreased in speed. Conversely, subtracting x-axis motion decreased 
the speed of the right-eye input, and increased the speed of the left-eye input. 
Therefore, observers relying on monocular input should yield predictably biased 
speed discrimination judgements. 
It was found that observers’ responses were not influenced by direction of motion 
(i.e. adding/subtracting x-axis motion), but varied with speed of MID. This suggests 
that responses were not based on a single monocular input, and that binocular 
information plays a role in MID speed discrimination. This also indicates that the 
aforementioned differences in discrimination threshold between RDS and DRDS 
stimuli is unlikely to be due to the use of a single monocular input. Harris and 
Watamaniuk’s (1995) findings therefore support the use of a binocular mechanism 
for speed discrimination based on comparison of the contributing monocular motion 
signals (e.g. IOVD). 
Further to this, Brooks and Stone (2006) investigated the spatial scale of speed 
discrimination in RDS and DRDS stimuli. They found that decreasing the height of 
DRDS stimuli (40-1.25 min) led to decreased speed sensitivity, with near-chance 
responses for stimuli less than 5 min. Sensitivity to speed for RDS stimuli also 
declined with stimulus height, but was significantly better than for DRDS stimuli for 
all 4 observers. This suggests that, at least for small stimuli, CD information cannot 
alone account for stereomotion speed discrimination. To check that responses 
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were not based on monocular speed discrimination, Brooks and Stone (2006) also 
recorded responses to monocularly viewed RDS stimuli (non-dominant eye patched). 
Sensitivity to monocular speed differences was also affected by stimulus height, 
but was significantly better than stereomotion speed discrimination for RDS stimuli 
for 3 of the 4 observers. These findings indicate that speed discrimination for MID 
cannot be attributed solely to CD or monocular motion information. Brooks and 
Stone (2006) propose that separate mechanisms process CD and IOVD information, 
and that the spatial scale of the CD mechanism is coarser than that of IOVD and its 
monocular motion components.
Summary1.9.3 
Overall, there is evidence to support the influence of both CD and IOVD cues on 
MID perception. It is also possible (although not yet confirmed conclusively) that 
these cues are processed by separate mechanisms within the visual system. If separate 
mechanisms exist for processing CD and IOVD information, then investigation into 
potential differences in characteristics should provide further insight. The knowledge 
acquired through such research helps us to understand the advantages of having 
two eyes positioned as they are in the head, and the way in which the available 
information is utilised by the visual system. 
Statement of Motivation1.10 
There is an abundance of research in the field of binocular perception of MID, 
but little agreement is found on the interpretation of results. Both CD and IOVD 
information have been shown to yield MID perception, but there is no consensus 
as to which of the two may dominate under specific circumstances. In order to 
rectify this, direct comparison of the two cues is needed across a number of viewing 
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situations. This field of research is in need of comprehensive structured investigation, 
whereby the separate contributions of CD, IOVD and the combination of both types 
of information are assessed for processing specific aspects of MID perception. Stimuli 
containing these binocular cues should be as similar as possible, differing only in the 
type of MID information conveyed, in order to avoid confounding results - this has 
proved difficult in previous years.
Aims of Thesis1.11 
In this thesis, we explore the use of CD and IOVD information for MID perception. 
The experiments presented in this thesis are labelled according to the order in which 
they are presented. Accordingly, the first experiment we introduce is in chapter 2, 
and is referred to as experiment 1. In this experiment, we investigated whether CD 
and IOVD information can reliably produce MID detection in a simple 2-frame 
random-dot stimulus. We also looked for evidence that CD and IOVD information 
might be processed by distinct mechanisms with separable characteristics. 
As has already been mentioned (see section 1.5.2), relative MID is more easily 
detected than absolute MID (Erkelens and Colewijn 1985; Regan et al. 1986). 
However, it is unclear how reference information affects the processing of CD and 
IOVD information, and whether different characteristics of reference stimuli may 
selectively facilitate relative MID detection via either of these two cues. Therefore, 
in experiment 1, we manipulated both the MID target and the static reference 
information to determine whether differing combinations of these impacted on 
MID detection thresholds. We hypothesised that if CD and IOVD information are 
processed by separate mechanisms with differing characteristics, then this may be 
demonstrated by differing effects of reference stimuli on DRDS and TCRDS stimuli. 
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This result would suggest that different characteristics of reference stimuli enable the 
detection of relative MID using CD and IOVD information independently.
In chapters 3-8 we explore the use of binocular information in ‘time-to-contact’ 
(TTC) judgement, that is, when an approaching object will contact the observer. 
As we will discuss in chapter 3, there is evidence that binocular information can 
influence TTC judgements (e.g. Gray & Regan, 1998; Heuer, 1993), but no research 
has focused on the relative effects of CD and IOVD information for TTC perception. 
The general methods used for our TTC experiment will be described in chapter 
4. As we have discussed, one way to manipulate the availability of CD and IOVD 
information in MID stimuli is to use DRDS and TCRDS stimuli. Before directly 
comparing TTC estimates using such stimuli, however, we first investigated whether 
influences of binocular information on TTC judgement can be replicated using RDS-
type stimuli. Experiments 2, 3 and 4 investigated the effects of adding congruent 
and incongruent binocular information to monocular TTC information in random-
dot stimuli. In experiment 2, an absolute judgement task (outlined in section 4.5.2) 
was employed, whereby observers indicated TTC estimates directly via a button 
press. Responses showed an effect of binocular information, but were variable, both 
within and between observers. Using similar stimuli, experiments 3 and 4 employed 
a comparison judgement task (see section 4.5.3), in which observers judged TTC 
estimates in relation to a temporal event (i.e. flash of screen). These experiments 
confirmed that an effect of binocular information is present in random-dot stimuli, 
and that the comparison judgement task yielded lower variability. Therefore, we 
proceeded to manipulate the availability of CD and IOVD information in experiments 
5 and 6 to investigate their relative effects on TTC judgement. Across experiments, 
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it is clear that there are large individual differences in response patterns, however, 
there is also evidence that both CD and IOVD information can be involved in TTC 
judgement.
Further experiments, described in chapter 8, controlled for the potential effects 
of initial distance and target size in our experiments. Research on the influence of 
initial distance has yielded mixed results, with some studies showing that TTC can 
be estimated independently of distance (e.g. Regan 2002; Gray & Regan 2004), and 
others supporting a role of distance information in TTC judgement (Smeets et al., 
1996; Wann 1996). Experiment 7 investigated the effect of initial distance on TTC 
estimation using similar stimuli and task to those in experiments 3 and 4 to control 
for the possible influence of distance on TTC estimates. It has also been shown 
that the absolute size of an object can affect the relative weighting of monocular 
and binocular cues (Regan & Beverley, 1979; Gray & Regan, 1998). Therefore, in 
experiment 8, we checked that the target sizes used in our stimuli were sufficient to 
enable TTC perception via both monocular and binocular information.
We conclude this thesis with a discussion chapter, which summarises the rationales 
and main findings of all experiments. We discuss issues arising from our experiments, 
including evaluation of the tasks, the prevalence of underestimates and overestimates 
in the literature, and highlight some questions in this field that are yet to be 
answered.
Binocular Vision and 3-D Motion Perception
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Relative Binocular Motion-in-Depth 2. 
Information
Introduction   2.1 
Experiment 1 explores the use of changing disparity (CD) and inter-ocular velocity 
difference (IOVD) information for detecting motion-in-depth (MID). We examine the 
effects of relative information on binocular MID perception to investigate whether 
CD and IOVD information are processed by separate mechanisms with differing 
characteristics. 
Absolute and Relative Information   2.1.1 
The term absolute information refers to information available only from a particular 
object in isolation, without reference to other signals. For example, in the previous 
chapter, we described absolute disparity’s dependency on a single visual point in 
space and its projection at the retina (section 1.3.1). When a comparison is made 
between two objects, relative information can be obtained, illustrated by the 
description of relative disparity in section 1.3.2. With regards to visual signals, relative 
information is usually defined by the differences between one signal and another. 
That is, if a stimulus consists of two circles, then the absolute properties of one circle 
might include: 3cm diameter, on the left side of the visual field, distance of 80cm. 
Yet properties can also be described in relative terms: 10% larger than other circle, 
15cm left of other, 10cm further than other, etc.
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Relative vs. Absolute MID Perception   2.1.2 
In studies of MID perception, the inclusion of stationary reference information in a 
stimulus greatly reduces the detection threshold. In the general introduction (section 
1.5.2), we referred to studies by Erkelens and Colewijn (1985b) and Regan et al. 
(1986) that presented target stimuli either in isolation, or in the presence of reference 
stimuli. It was found that no MID perception was reported for RDS stimuli presented 
in isolation, despite vergence eye movements. Yet, when stationary reference 
information was also present, in the form of a background of stationary, randomly 
positioned dots, MID was detected for disparities as low as 3-10 min arc (Regan et 
al., 1986). This was taken to suggest that absolute information is insufficient to yield 
a perception of MID from such stimuli, and that relative information is needed to 
evoke perception of MID. As described in section 1.5.2, the stimuli used in these 
studies contained cue-conflict,  as no change in size accompanied the simulated 
MID (Kohly and Ono, 2002; Nefs and Harris, 2007; Howard, 2008; González et al., 
2010). Therefore, the lack of MID perception from large isolated RDS stimuli was 
probably due to the lack of MID indicated by looming information, and was not 
directly due to the absence of relative motion information. However, the inclusion of 
relative information reduced the effectiveness of cue-conflict for RDS stimuli, leading 
to perception of MID in RDS stimuli, and greatly reduced MID detection threshold of 
single-dot stimuli (Regan et al., 1986). Therefore, when binocular cues conflict with 
looming information, relative MID is easier to detect than absolute MID information 
- a finding that has since been replicated (e.g. Brenner et al., 1996; González, 2010).
Relative information has been found to facilitate MID perception in a range of 
different tasks. Including velocity matching (Brenner et al., 1996), judgements of 
oscillation in depth (González, 2010) and MID direction judgement (Harris, 2006). 
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Using small (8.3 arc min), single point stimuli, Harris (2006) found that the presence 
of stationary reference points in the scene lowered direction discrimination thresholds 
(towards/away) for MID considerably. That is, when reference stimuli were present, 
observers required a smaller amplitude of MID to be presented in order to correctly 
discriminate direction than when reference information was absent. For one observer, 
the threshold reduced tenfold with the presence of reference information (18 arc min 
to 1.8 arc min). The remaining observers could not reliably discriminate the direction 
of the target when it was presented in isolation, indicated by near-chance response 
patterns, but could easily discriminate direction when reference information was 
present, with thresholds of 4-21 arc min.
Sensitivity to relative information is of great value, as we view the world from an ever-
changing perspective. Movements of the eyes, head and body all result in changes 
in the retinal image, and hence absolute motion signals, that do not necessarily 
correspond to movement of objects in the real world. For example, if we move 
our eyes laterally across a scene, objects in the retinal image are displaced in the 
opposite direction, yet, we are aware that these objects have not changed position in 
the real world. Similarly, we can account for relative motion between objects within 
the visual scene when we are ourselves in motion (Rushton & Warren, 2005). It is 
likely that sensitivity to relative MID, as opposed to absolute MID, is a more efficient, 
and reliable, method for perceiving MID, as relative information is independent of 
changes in fixation. 
When viewing MID binocularly in natural environments, both CD and IOVD 
information are available and congruent (section 1.5.4). Therefore, either, or both, 
of these cues could be utilised by the visual system to obtain a perception of MID. 
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Following this logic, the effect of reference information on MID perception may be 
dependent on relative disparity information, relative lateral velocity information, and/
or a combination of these variables. We now briefly review literature that explores 
the effectiveness of relative information in the perception of depth and 2-D motion.
Relative vs. Absolute Binocular Depth Perception   2.1.3 
It has been reported that depth differences defined by binocular disparity are more 
easily distinguished when displayed in the presence of a reference point (Westheimer, 
1979; Kumar and Glaser, 1992). Kumar and Glaser (1992) showed that depth 
discrimination thresholds of a single line target were lower when presented with a 
reference line. The threshold further decreased with the addition of two reference 
lines, and again reduced with four reference lines. The lowest discrimination threshold 
was reported for conditions in which the target was surrounded by reference points 
in depth, i.e. with reference points presented at both greater and shorter depths than 
the target. Similarly, Westheimer (1979) found up to a ten-fold decrease in depth 
discrimination thresholds when laterally separated (10 arc min) line stimuli were 
presented simultaneously, in comparison to sequential presentation. For a single line 
target undergoing a step change in depth (i.e. no lateral displacement accompanying 
depth change), they reported still higher disparity displacement thresholds.
It has also been shown that relative depth information can influence depth 
judgements when irrelevant to the task. Andrews et al. (2001) compared depth 
comparison judgements from two line stimuli across manipulations in additional 
depth information. They found that relative depth judgements were influenced by 
the depth of the random-dot background plane. Depth discrimination thresholds 
were lowered for stimuli in the presence of a background plane at the depth of 
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the comparison line, and also when the background was near to the depth of the 
reference line stimuli. This suggests that even relative depth perception can be further 
influenced by reference information that is not directly relevant to the completed 
task.
Relative vs. Absolute 2-D Motion Perception   2.1.4 
In their aforementioned experiment, Erkelens and Collewijn (1985b) found that, 
when RDS were presented in the absence of reference information, lateral motion 
was perceived for conditions in which velocities differed between half-images (up to 
1.67º/s difference), and also when viewed monocularly. This suggests that, although 
reference information is necessary for the detection of MID in RDS, it is not required 
for lateral motion detection. This is supported by a large body of research, such as 
Legge and Campbell (1981), who explored the displacement detection threshold for a 
single dot target moving in the frontoparallel plane. They reported that the inclusion 
of reference information reduced the displacement threshold from 1.5 min to 0.3 
min. 
Smeets and Brenner (1994) presented observers with a single dot target that was 
vertically flanked by background patterns of multiple rectangles. The lateral motion 
of the dot was accompanied by one of three types of background motion: i) same as 
dot, ii) static, or iii) opposite to dot motion. It was found that background motion had 
an effect on reaction times for motion detection. The difference between reaction 
times across background conditions was large for low speeds (up to approx 2º/s), 
with the shortest reaction times recorded for the ‘opposite motion’ condition, and 
longest for ‘same motion’ condition.  This suggests that the relative motion in the 
‘opposite motion’ background condition enables faster detection of target motion. 
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Additionally, reaction times for the ‘opposite motion’ condition were similar to those 
from the static background condition when the dot traveled at double the speed. 
As these two conditions provide equal relative velocity information, the findings 
suggest that reaction time was determined by dot velocity relative to the background 
reference. 
In summary, it appears that the evidence supports a role for relative motion 
information in the processing of motion stimuli. However, this does not preclude the 
use of absolute information. In Smeets and Brenner’s (1994) experiment, for example, 
reaction times for stimuli in which the target and background moved at the same 
velocity contained no relative motion signal, and yielded long reaction times, but 
were still able to influence motion detection. This is similar to the findings of Legge 
and Campbell (1981), in which a stimulus with no reference information yields a 
motion detection threshold. Therefore, relative motion information is not necessary 
for motion detection, but can increase sensitivity.
Aims   2.1.5 
Relative MID has been shown to be detected more easily than absolute MID 
(Erkelens and Collewijn, 1985b; Regan et al., 1986; Harris, 2006), but it is unclear 
whether this effect is attributable to relative depth, relative 2-D motion or overall 
relative MID information. This experimental question has not yet been addressed, 
but could shed light on the characteristics of the mechanism(s) that process CD and 
IOVD information. In the experiments presented below, we therefore explore the 
effects of different types of reference information on the ability to detect MID from 
CD and/or IOVD information.
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Rationale   2.1.6 
Research investigating the effects of relative MID perception has largely used 
reference information that is both binocularly and temporally correlated. That is, 
where all points in the left eye correspond with points in the right eye and do not 
change throughout presentation duration. This gives rise to both relative depth and 
relative lateral motion information throughout the stimulus presentation. As CD and 
IOVD cues to MID are dependent on the presence of disparity and lateral motion 
information respectively, it is possible that reference information influences the 
processing of these two binocular cues to MID in different ways.
We wished to examine the effects of relative information on MID detection, and 
use this to explore the characteristics of binocular MID processing. To do this, we 
manipulated the availability of: i) CD and IOVD information in the moving target 
stimulus, and ii) relative depth and motion information available from random-dot 
reference information. We used RDS stimuli, as described in section 1.6, to present 
CD and IOVD information, both in isolation and in combination, as described in the 
general introduction chapter. RDS present both CD and IOVD cues to MID, dynamic 
RDS (DRDS) present only CD, and temporally-correlated RDS (TCRDS) present only 
IOVD information. We also manipulated the binocular and temporal correlation of 
the dot patterns in the reference stimuli to vary the availability of relative binocular 
disparity and relative 2-D motion information respectively, which we will describe 
later in this section.
To deliver relative binocular disparity information in stimuli, both the target and 
random-dot reference stimuli must be binocularly correlated. That is, both target 
and reference pattern must be available to both eyes at any given time, to allow 
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comparison of the angular differences between the projections of the target and 
reference at the two retinae.
To deliver relative 2-D motion information, reference and target elements presented 
to each eye must persist over time, i.e. must be temporally correlated. For example, a 
lateral motion presented to one eye can be detected relative to a stationary reference 
point seen by that eye. If the reference point were to change location randomly 
over time, however, then this random motion would degrade the relative motion 
information between reference and target.
However, just as DRDS stimuli convey changes in disparity but do not require the 
location of individual dots to be temporally correlated, changes in relative disparity 
information between a target and reference are, theoretically, independent of 
temporal correlation. Take the example of a single target stimulus dot and a single 
reference stimulus dot, where both are presented to the two eyes simultaneously, 
giving a particular relative disparity value. Changes in the relative binocular disparity 
between these dots over time require each dot to be presented to each eye on each 
frame (i.e. point in time) to obtain the appropriate relative disparity value. However, 
in theory, the particular location of these dots within their depth planes does not 
affect relative disparity information, and so these need not be correlated temporally. 
As described in section 1.6.3 of the general introduction, IOVD information in 
TCRDS stimuli is available from sequences of RDS that contain monocular motion 
of elements via temporal correlation of dots, but do not require dots to be matched 
between the half-images presented to each eye. Relative 2-D motion information is 
available from monocular viewing, yielding a relative monocular velocity. Where 
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both eyes receive a relative velocity signal, MID information is available from inter-
ocular differences in relative velocities, regardless of whether the half-images are 
correlated between the eyes.
Figure 2.1 illustrates the four types of reference stimuli used in this experiment, i) 
completely-correlated (c), ii) binocularly-correlated (b), iii) temporally-correlated (t), 
and iv) no correlation (n). Theoretically, DRDS stimuli can yield relative disparity 
information when presented with binocularly-correlated reference stimuli, which 
need not be temporally-correlated. Conversely, TCRDS stimuli can, theoretically, 
yield relative 2-D motion when reference stimuli are temporally-correlated, but do 
not require binocular correlation. 
If CD and IOVD information are processed by a single mechanism, then we might 
expect that reference information of any type enables relative MID perception via 
either CD or IOVD information. If they are processed by separate mechanisms, 
however, then we might expect the type of reference information to influence the 
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Correlated (c)
Binocularly
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Correlated (t)
No 
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— ¸
Image dot Uncorrelated dot from F1 Uncorrelated dot from other eye
No correlation Correlation
Illustration of reference stimuli composition. Examples of reference dots Figure 2.1 
presented to left (L) and right (R) eye in frame 1 (F1) and frame 2 (F2) for the four 
types of reference stimuli. Dashed lines with ticks indicate binocular correlation 
(horizontal lines) and temporal correlation (vertical lines), lines with crosses indicate 
no correlation between dots.
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effect of relative MID information. Therefore, if separate mechanisms exist, we would 
expect a strong influence of relative information where both target and reference 
stimuli consist of the same type of correlation (i.e. binocular and/or temporal). 
Accordingly, when the target and reference stimuli consist of different types of 
correlation, or the reference stimuli contains no correlation, we would expect a 
weaker influence of relative information. Table 2.1 indicates which reference stimuli 
are composed of the same correlation types as the target stimuli, these are referred 
to as ‘strong’ target-reference combinations (darkly shaded cells). Those targets and 
reference stimuli that are composed of different types of correlation are referred to 
as ‘weak’ target-reference combinations (lightly shaded cells). It is important to note 
that ‘strong’ and ‘weak’ are labels that we have applied here to distinguish between 
those reference types that should, theoretically, provide useful relative information 
(strong), and those that do not (weak). There is no literature that we are aware of that 
has investigated the effects of such reference information conditions, therefore, there 
is no empirical basis for these terms.
Target stimulus dots that contained a MID signal (CD, IOVD or both) are referred to 
as signal dots. These were randomly interspersed with noise dots, which were not 
binocularly or temporally correlated, and so did not convey systematic motion or 
Target-reference combination labels. Strong relative information indicated by darkly Table 2.1 
shaded cells, weak relative information indicated by lightly shaded cells.
Reference Stimuli
Target stimuli
RDS DRDS TCRDS
Completely-correlated (c) Rc Dc Tc
Binocularly-correlated (b) Rb Db Tb
Temporally-correlated (t) Rt Dt Tt
No correlation (n) Rn Dn Tn
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depth information. We measured detection performance as a function of signal level, 
i.e. the percentage of signal dots in the target, and defined threshold as the signal 
level for which motion is reliably detected (i.e. on 75% of trials). These thresholds 
were then compared across different combinations of target and reference stimuli.
 Predictions   2.1.7 
Performance is expected to improve with the proportion of signal dots included in 
the target stimulus, i.e. signal level, as the interference from noise dots decreases. 
As there is no previous research on which to base hypotheses regarding target-
reference relationships, we use a priori reasoning following from the work on relative 
depth and motion perception, where relative information has generally been found 
to lower detection thresholds (e.g. Westheimer, 1979; Erkelens & Collewijn, 1985b; 
Regan, Erkelens, & Collewijn, 1986). We hypothesised that the strength of reference 
stimuli, in terms of providing relative MID information, would depend on the 
combination of target and reference stimulus types. For example, IOVD processes 
may receive the strongest relative information from stationary, temporally-correlated 
reference information. Therefore we would expect the best performance (indicated 
by low threshold signal level) from TCRDS stimuli when presented with completely-
correlated and temporally-correlated reference stimuli, as this yields relative motion 
information. Similarly, for CD information, the strong relative information is thought 
to be available from reference stimuli with a constant disparity value, as this 
enables relative disparity processing. Therefore, we would expect DRDS stimuli to 
yield the lowest detection thresholds when presented with completely-correlated 
and binocularly-correlated reference information. Figure 2.2 (over page) illustrates 
the predicted pattern of results, with strong reference information yielding lower 
threshold values than weak reference information.
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Differences in performance between target-reference combinations would not 
only indicate separable effects of relative information, but may also shed light on 
the underlying mechanisms. If a single mechanism processes both CD and IOVD 
information, then we would expect no interaction of reference and target types 
on MID detection. Yet if different types of reference information were found to 
improve/impair detection performance from CD and IOVD cues to MID, then this 
would support the existence of separate mechanisms. Specifically, the experimental 
hypothesis states that if two separate mechanisms exist for processing CD and 
IOVD information, then we may expect the MID detection thresholds to vary for 
the target stimuli depending on the type of reference information presented. Our 
null hypothesis was that a single mechanism processes both types of MID cue, 
and so no differences in performance should arise from manipulating the reference 
information. 
Predicted responses to target-reference combinations. Expected patterns Figure 2.2 
of MID detection thresholds for all combinations. See table 2.1 for target-reference 
combination labels. Note, example figure, not actual data.
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Methods   2.2 
Apparatus   2.2.1 
Stimuli were generated using MATlab and the Psychophysics Toolbox extensions 
(Brainard, 1997), presented in a dark room on a CRT monitor (1024x768 resolution), 
and viewed from a chin-rest at a distance of 2.5 metres. To present stimuli separately 
to each eye, observers wore active shutter-glasses (CrystalEyes 2). These alternated 
the opacity of the lenses in synchronisation with the refresh rate of the screen (80Hz), 
so that different images could be projected to each eye independently on alternate 
video frames, but fast enough to be perceived as simultaneous.
Observers   2.2.2 
Five observers were tested (3 female, 2 male): three naïve participants, who were 
acquired through advertising and paid for their time, and two researchers who 
were aware of the experimental aims. All observers gave informed consent before 
participating (see appendix A.3), and experiments were approved by The University 
Teaching and Research Ethics Committee (UTREC) at the University of St. Andrews 
(approval code PS1219). All observers had normal or corrected-to-normal vision. 
Observer AB, however, showed poor stereoacuity relative to other observers 
(threshold of 100 arc seconds compared to ceiling responses of 40s for all other 
observers), as measured by the butterfly random dot stereogram test (Stereo Optical 
Co. Inc); described in detail in section 4.2.2.1.
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Stimuli and Conditions   2.2.3 
Target stimuli   2.2.3.1 
The random-dot patterns used for the target stimuli consisted of 100 red dots (3.2 
min arc diameter) randomly positioned on a black background within a central 
target square (3.2º square), as illustrated in figure 2.3. Over the stimulus interval 
(4s), the target moved with a square-wave motion directly towards and away from 
the observer (frequency of 2Hz, with 4 repetitions), but remained constant in visual 
angular size throughout the stimulus duration. Whilst the reference stimuli remained 
at the 2.5m viewing distance, the target alternated in depth between 2.75m and 
2.26m (9 min uncrossed to 10.8 min crossed disparity), a total depth displacement of 
19.8 min disparity. 
Illustration of stimuli. For clarity, target dots are shown in white, and Figure 2.3 
reference dots shown in grey. In actual experiment, target and reference dots were 
identical.
Target types and manipulated MID information. Lists the type of target, the correlation(s) Table 2.2 
within the target dot patterns, and the type of binocular motion information available as a result.
Target
Stimulus
Correlation Motion 
informationBinocular Temporal
RDS Yes Yes CD & IOVD
DRDS Yes No CD
TCRDS No Yes IOVD
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Three different types of target stimuli were used; table 2.2 lists the type of random-
dot sequence used for the target stimulus (RDS, DRDS and TCRDS) and the types of 
correlations within the dot patterns used to convey MID information. 
Noise   2.2.3.2 
The proportion of signal dots was manipulated as an experimental variable between 
7.5% and 60% signal in increments of 7.5%. These values have previously been 
shown to encompass a wide range of performance values (private communication 
with Nefs & Harris). 
Reference stimuli   2.2.3.3 
Reference information was made available via two rectangular regions of random 
dot patterns (6.4º x 1.6º), immediately above and below the target (see figure 2.3). 
100 dots (each 3.2 min arc diameter, as for target stimuli) were presented to each 
eye in each reference bar. Four different types of reference stimuli were generated by 
manipulating temporal and binocular correlation (see table 2.3). The reference dots 
were presented in a single frontoparallel plane at the depth of the screen throughout 
the presentation duration.
Reference stimuli. Lists type of correlation(s) between dot patterns for all four types of Table 2.3 
reference stimuli.
Reference Stimuli
Correlation
Binocular Temporal
Completely-Correlated  (c) Yes Yes
Binocularly-Correlated  (b) Yes No
Temporally-Correlated  (t) No Yes
No Correlation  (n) No No
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Procedure   2.2.4 
Observers were asked to perform a 2-alternative forced-choice task, in which 
they were required to indicate, by key-press, which interval contained MID of the 
central square (1st or 2nd). No feedback was given. Using the method of constant 
stimuli, each target stimulus type (RDS, DRDS or TCRDS) was presented with each 
reference stimulus type (c, b, t, n). These twelve target-reference combinations were 
presented at eight levels of signal dot percentage (7.5-60%), giving 96 unique stimuli. 
As illustrated in figure 2.4, each trial consisted of 2 intervals of looped, 2-frame 
random-dot stimuli (4 repetitions) separated by a blank screen (1s). The target interval 
contained one of the 96 aforementioned stimuli, whilst the non-target interval used 
the same reference type, but the central square comprised 100% noise dots (i.e. 
neither temporally nor binocularly correlated). All 96 stimuli were presented at each 
of the two intervals within testing blocks, leading to blocks of 192 trials for each 
session. 20 sessions were run, giving a total of 40 presentations of each stimulus 
(except AA, who ran 18 sessions, and therefore 36 presentations of each). 
Stimulus presentation procedure. Schematic diagram showing 2 intervals Figure 2.4 
of random-dot stimuli sequences (1-2, and 3-4) looped 4 times, separated by a blank 
screen (1s), and followed by a response prompt.
1 2 1 2 1 2 1 2
3 4 3 4 3 4 3 4
Interval 1 (4s)
Interval 2 (4s)
  Blank screen (1s)
 Response 
prompt
Time
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Data and Analysis2.2.5 
The proportion of correct responses (i.e. observer indicated that target interval 
contained MID) was recorded as a function of the proportion of signal dots. Average 
values of percent correct MID judgements were calculated for each target-reference 
combination for each observer and at each signal level. This data was then plotted 
and fit with cumulative Gaussian functions via the Levenberg-Marquardt method. 
The motion detection threshold was taken from the cumulative psychometric curve, 
defined as the signal level (i.e. percentage of signal dots in the target) which yielded 
correct responses on 75% of trials. Monte-Carlo simulation of 1,000 throws was also 
performed on the data to obtain a measure of standard deviation for the threshold. 
‘Effectiveness’ of binocular signals was then compared between conditions in terms 
of threshold values. Statistical analysis was conducted by t-tests and repeated-
measures ANOVA for group tests, and by within-subjects z-test, to examine whether 
thresholds differ significantly between conditions for individual observers. All 
statistics were Bonferroni corrected. 
Results2.3 
Performance improved with the target’s signal level, for four of the five observers 
(AA, AB, AC, AD), indicating sensitivity to the presented MID signals. However, 
not all data collected for these four observers were included in the final analyses, 
these exceptions are stated in section 1.3.7 below. First, we explore the potential 
group effects of target-reference combinations. We then examine the data according 
to target type, comparing the effects of reference stimuli on individual observers’ 
thresholds. 
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Strong vs. Weak Target-Reference Combinations2.3.1 
The difference between strong/weak target-reference combination thresholds 
indicates the effect of reference stimuli on response. For example, if responses 
were independent of reference stimuli, we would expect to find no difference 
between strong/weak combination thresholds. Overall, the strong target-reference 
combinations gave a lower mean average threshold than weak combinations (35.5% 
and 43.9% respectively). This grouped data is shown in figure 2.5, alongside the 
breakdown of mean thresholds for each of the three target types. It can be seen that 
the lowest mean thresholds were obtained for strong RDS-reference combinations, 
which contained the most coherent relative MID information. The highest mean 
thresholds were found for weak DRDS-reference and TCRDS-reference combinations, 
which contain the least coherent MID signals. 
Group data: strong and weak target-reference combinations. Mean Figure 2.5 
average thresholds given for strong (light bars) and weak (dark bars) combinations 
across observers for all combinations (overall), and for RDS, DRDS and TCRDS targets 
separately. Variation of thresholds across grouped conditions (for ‘overall’ data) and 
individual observer thresholds (for the separated target types) indicated by vertical 
lines, showing ± 1 standard deviation.
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The number of conditions containing strong/weak target-reference combinations was 
uneven (see table 2.1), and variation of thresholds was high (as indicated in figure 2.5 
by ± 1 standard deviation bars), due to grouping of target-reference combinations 
(i.e. strong/weak) and individual differences between observers. Therefore, we do 
not present statistical analysis of this grouped data, but, in the following sections, 
we compare thresholds from all target-reference combinations equally, and separate 
individual observers’ data for a more detailed exploration of the effects of target-
reference combinations.
Individual Target-Reference Combinations2.3.2 
Figure 2.6 shows the group mean thresholds for all target-reference combinations. 
The mean threshold for RDS stimuli presented with completely-correlated reference 
information (Rc) was lower than that for other reference types (Rd, Rt and Rn), yet 
a repeated-measures ANOVA showed that there were no statistically significant 
group effects of reference information for RDS stimuli (p > 0.3). DRDS responses 
also showed no group effect of reference information (p > 0.5). It is clear from figure 
2.6 that variation of thresholds between observers (black lines show ± 1 standard 
Group average thresholds for individual target/reference combinations. Figure 2.6 
See table 2.1 for target-reference combination labels. Threshold variation across 
observers indicated by black lines, showing ± 1 standard deviation.
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deviation) was relatively high for DRDS targets. The TCRDS data showed relatively 
low variation of thresholds, and a trend for lower thresholds when presented with 
strong reference information (Tc and Tt), in comparison to presentation with weak 
reference information (Tb and Tn). However, this group effect did not quite reach 
significance (p > 0.05).
As expected, there were large inter-individual variations in performance, therefore 
data will be analysed and discussed within-subjects in the following sections, in 
which we examine the data for each target type separately.
MID detection thresholds for RDS targets. See table 2.1 for target-Figure 2.7 
reference combination labels. Indicates threshold signal level for observers AA, AB, 
AC and AD separately. Black bars indicate ± 1 standard deviation, not present for Rt 
and Rn combinations for observer AB as too large (see text). Note, scale of threshold 
axis varies between observers. 
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RDS2.3.3 
The RDS target stimuli conveyed both CD and IOVD information, therefore all 
reference stimuli containing binocular and/or temporal correlation were considered 
‘strong’ reference types, and only non-correlated reference stimuli were ‘weak’ 
references (see table 2.1). Figure 2.7 presents the threshold signal level for each RDS-
reference combination for the four observers, and shows the variation in response 
patterns between observers. 
Observer AA (author) shows a slight increase in threshold under the non-correlated 
reference information condition, but this observer’s thresholds were not statistically 
different for any RDS-reference combinations (p > 0.05). Completely-correlated 
reference stimuli yielded the lowest thresholds of the four reference types for 
observers AD and AC. These differences did not reach significance for observer 
AC (p > 0.05), yet completely-correlated reference information yielded significantly 
lower thresholds than temporally- and non-correlated reference stimuli for observer 
AD (p < 0.001). Observer AB’s data yields roughly equal thresholds for completely-
correlated and binocularly-correlated references. Although these are higher than 
thresholds obtained under temporally-correlated and non-correlated reference 
stimuli, it should be noted that the latter have a very high level of variance, therefore 
standard deviation is not indicated in figure 2.7 for this observer.
DRDS2.3.4 
There was no overall pattern to the data across observers for DRDS stimuli, as evident 
from the data plotted in figure 2.8. Observer AB’s responses did not vary from 
chance levels for any target-reference combination, confirmed by t-tests between 
62
Binocular Vision and 3-D Motion Perception
chance and raw response data (p > 0.5). Therefore no thresholds could be calculated 
for this observer in this condition.
Figure 2.8 shows that strong reference information (i.e. completely- and binocularly-
correlated), yielded lower detection thresholds (as predicted) for observers AD 
and AC than for weak reference types. Although these observers’ responses were 
above chance levels for weak reference stimuli, observer AC did not reach threshold 
performance levels within the parameters tested here, and observer AD only just 
reached threshold at 60% signal levels. For this reason, the Monte-Carlo simulation 
yielded very high standard deviations for weak reference stimuli thresholds for these 
two observers (therefore not included in fig 2.8), and so statistical tests could not be 
MID detection thresholds for DRDS targets. See table 2.1 for target-Figure 2.8 
reference combination labels. Threshold signal level for observers AA, AC and 
AD. Thresholds too large and variable to include for observer AC in Dt and Dn 
combinations. Black bars indicate ± 1 standard deviation - too large to include for 
observer AD Dt and Dn conditions. Note, scale of threshold axis varies between 
observers. 
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performed for this data. Observer AA showed no significant differences between 
any target-reference combinations for DRDS stimuli.
TCRDS2.3.5 
TCRDS stimuli contained only IOVD information for the perception of MID. Figure 
2.9 shows that, consistent with predictions, observers AA and AB yielded relatively 
low thresholds for strong reference stimuli (Tc and Tt) when presented with TCRDS 
target stimuli. All observers showed relatively high thresholds for binocularly-
correlated reference stimuli (Tb), and the lowest thresholds for temporally-correlated 
references (Tt). However, no differences between reference stimuli thresholds 
reached significance for any observer.
MID detection thresholds for TCRDS targets. Thresholds plotted for all Figure 2.9 
four  observers. Black bars indicate ± 1 standard deviation, only for values below 
50. See table 2.1 for target-reference combination labels. Thresholds too large and 
variable to include for observer AD in Tb and Tn combinations. Note, threshold axes 
vary in scale between observers.
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Observer AD failed to deviate from chance levels of response when presented with 
weak reference information (therefore excluded from figure 2.9). Their performance 
was better for strong reference stimuli, but reached a maximum of 80% correct 
responses within the parameters tested, leading to high, and variable, threshold 
levels output by the Monte-Carlo simulation, hence no error bars are shown for this 
observer’s data in figure 2.9.
Differences Between Target Types2.3.6 
This section compares MID detection performance across the three different target 
types for each observer. This reviews overall ability to detect MID using RDS, DRDS 
and TCRDS stimuli, and reflects differences in observers’ use of CD, IOVD and the 
combination of these types of information for MID perception. Figure 2.10 shows the 
fitted psychometric functions for the three target types, collapsed across reference 
types. These graphs clearly show the inter-individual differences in performance 
patterns, as well as intra-individual differences in performance across target types. 
This information is helpful when interpreting target-reference combination data, as 
poor average performance within a single target type may indicate that the lack of 
difference between target-reference combinations may be due to an overall difficulty 
in processing the target stimuli. 
The curves in figure 2.10 show that observer AB was unable to detect MID for DRDS 
stimuli, indicated by chance levels of response, but showed roughly equal sensitivity 
to RDS and TCRDS stimuli. Therefore they were unable to use the CD cues to MID 
in isolation. The Monte-Carlo simulation did not output a standard deviation value 
for observer AB’s average DRDS threshold, therefore quantitative analysis could not 
be performed on this condition. Observers AA and AD show reduced performance 
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when viewing TCRDS stimuli in comparison to RDS and DRDS stimuli, which yield 
similar response patterns for these observers. This suggests that these two observers 
were more sensitive to MID information from CD than IOVD in isolation. This 
difference is significant between thresholds for observer AA (p < 0.01), but statistical 
significance of this difference could not be measured for observer AD, as their 
TCRDS data did not yield a standard deviation.
Unlike the other observers, AC showed a performance pattern for RDS stimuli that 
was distinct from both DRDS and TCRDS. This difference reached significance 
between RDS and TCRDS thresholds (p < 0.03), but the Monte-Carlo simulation 
did not output a standard deviation value for DRDS stimuli for this observer, and so 
no quantitative comparison could be made here. This pattern of data suggests that 
observer AC is reliant on the availability of both CD and IOVD cues, and that their 
performance is impaired by the isolation of these cues. 
Average target type response patterns. Percent correct MID detection for Figure 2.10 
RDS (red squares), DRDS (green circles) and TCRDS (blue triangles) stimuli collapsed 
across reference type and plotted against the signal level available from the target 
stimulus.
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Discarded Data2.3.7 
In the introduction to the results section, we mentioned that not all collected data 
were included in the final analysis. We state here the reasons for discarding these 
data points. One observer (AE) was discarded from all analyses, as their responses 
never departed from chance levels of response, even when presented with stimuli of 
100% signal dots (i.e. no noise dots). It was concluded that this observer should be 
excluded from further analysis due to inability to complete the task. 
Of the observers whose data were retained for analysis, observer AB’s responses did 
not differ from chance for DRDS target stimuli, therefore their data were excluded 
from DRDS analysis. However, this observer did show evidence of sensitivity to 
TCRDS and RDS targets, and so their data were retained for these analyses. Observer 
AC did not reach threshold performance for the DRDS target when presented with 
non-correlated reference information, hence this data point was omitted from group 
analysis. Also, observer AD did not attain threshold performance for TCRDS stimuli 
with non-correlated reference information, and so this data point was also discarded 
from group analysis.
Discussion2.4 
Evidence of Target-Reference Combination Effects2.4.1 
Our experimental hypothesis, that strong reference information would yield lower 
MID detection thresholds than weak reference information for all observers, was 
not firmly upheld. The overall mean thresholds for the group indicated that, on 
average, strong target-reference combinations required approximately 36% of dots 
in the target to contain MID information in order to detect MID on 75% of the 
trials (see figure 2.5). In comparison, weak target-reference combinations required 
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approximately 44% signal dots in the target to reliably detect MID. However, the 
difference between these was not statistically significant, and there was substantial 
variation from inter-individual differences and grouping reference stimulus type.
When examining the target types separately, it appears that, although performance 
under RDS and DRDS conditions was not substantially affected by the type of 
reference information, performance on TCRDS conditions showed trends consistent 
with influence of reference information type (see figures 2.6 and 2.9). However, there 
was no single pattern of responses that obtained statistical significance across all 
observers. This appears to be due, in part, to individual variation in observers’ ability 
to detect MID in DRDS and TCRDS stimuli, which is highlighted in figure 2.10. 
Although the data are not clear-cut and consistent across all observers, there are 
indications that reference information may selectively facilitate MID detection 
in some circumstances. For example, binocularly-correlated reference stimuli led 
to poorer performance in TCRDS stimuli than for strong reference information 
conditions for observers AA, AC and AB (see figure 2.9). 
Observer AD showed the predicted direction of reference effects in DRDS and 
TCRDS target conditions (see figures 2.8 and 2.9 respectively). Strong target-
reference combinations yielded thresholds and standard deviations from Monte-
Carlo simulations, whereas weak reference information led to very high thresholds, 
and chance level responses for TCRDS. From the data shown in figure 2.10, observer 
AD appears to achieve the best performance for target stimuli containing binocular 
correlation, and may therefore be more dependent on CD information than IOVD 
cues. This is supported by the effects shown in the RDS condition (see figure 2.7, p.82), 
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where thresholds do not differ between temporally- and non-correlated reference 
conditions, and binocularly-correlated reference information yields lower thresholds, 
more similar to those found under the completely-correlated reference conditions. 
This is consistent with the idea that, for this observer, relative disparity information is 
responsible for improving MID detection in the presence of reference information.
Observer AC showed interesting results for the DRDS target stimuli (see figure 2.8), 
whereby the strong reference stimuli yielded consistent thresholds, and the weak 
reference stimuli led to poor (sub-threshold) performance. This suggests that the 
relative disparity, available from binocular correlation of both target and reference 
information, aided MID detection. However, this observer’s responses to TCRDS 
stimuli showed no effect of reference information type (see figure 2.9). 
Evidence of Separate Processes for IOVD and CD Information2.4.2 
In addition to the reference effects, there was some indication that IOVD and CD 
information are processed separately. Observer AB was unable to reliably detect MID 
from the DRDS stimuli, regardless of the type of reference information presented. This 
may be explained in terms of lower disparity sensitivity (as mentioned in observer 
section 2.2.2), and possibly an inability to process CD cues efficiently. However, 
this observer was able to detect MID from RDS and TCRDS stimuli, yielding 
similar response curves (see figure 2.10). It is plausible that this observer is reliant 
on IOVD cues to detect MID, and utilises only this information from RDS stimuli. 
This itself is a potential indication of separable mechanisms for CD and IOVD cues, 
although further research with this particular observer would be needed to confirm 
this.  Indeed, the variability of observers’ trends suggests that there are individual 
differences in the dependence on CD and IOVD cues to MID perception (see figure 
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2.10). This is consistent with other research conducted within our lab (Nefs et al., 
2009).
Another study that investigated the relative individual use of CD and IOVD 
information was performed by Watanabe et al. (2008). They used manipulations of 
RDS similar to those in our experiment in order to combine or isolate CD and IOVD 
information, generating RDS, DRDS and TCRDS stimuli. They performed a series of 
experiments with strabismic patients, and found low correlation between measures 
of static stereoacuity and stereomotion perception. They also found low correlation 
between performance measures from DRDS and TCRDS stimuli, with approximately 
half of the strabismic patients unable to reach threshold performance for either (but 
not both) DRDS or TCRDS stimuli. This suggests that these observers were only able 
to use either CD or IOVD information when presented in isolation, and hence these 
cues may be processed separately. 
However, the tasks from which they obtained their measures of MID perception 
for DRDS and TCRDS stimuli differed. Observers were required to make direction 
discrimination judgements for TCRDS stimuli, and motion detection judgements 
for DRDS stimuli. Therefore, differences between responses for DRDS and TCRDS 
may be due to task effects. To reduce such potential interference from task effects 
and other uncontrolled factors, we have attempted to minimise any differences in 
stimuli between experimental conditions, and presented all stimuli under the same 
experimental procedure.
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Watanabe et al. (2008) focused on strabismic patients, with known visual deficits. 
Although this is valuable in identifying possible separable mechanisms, it does not 
inform us of the use of these cues by ‘normal’ observers - the population of interest 
for this thesis. Overall, however, the clear dissociation of ability to reach threshold 
performance with DRDS and TCRDS stimuli in Watanabe et al.’s (2008) findings is 
consistent with the findings of experiment 1 and of Nefs et al. (2009). The results 
of these studies are in accordance with the existence of separate mechanisms for 
processing IOVD and CD information.
Experimental Design2.4.3 
It is likely that the parameters tested here did not encompass the full performance 
range for all observers. While observer AA was able to reach ceiling performance 
(i.e. 100% correct responses) for RDS and DRDS conditions, other observers did not. 
Observer AD achieved ceiling performance for two target-reference combinations 
(completely-correlated reference with RDS, and binocularly-correlated reference with 
DRDS). Observer AB did so for only one target-reference combination (completely-
correlated reference with TCRDS target), with their highest performance across all 
DRDS stimuli at 60% correct. It is therefore possible that using stimuli comprised 
of more than 60% signal dots could have allowed performance to reach threshold 
levels under all conditions. Whilst below-threshold performance itself indicates poor 
MID detection, the threshold and standard deviation from Monte-Carlo simulations 
are not sufficient for statistical analyses, and so no quantitative comparison between 
conditions can be made for these cases. However, where thresholds exceed 60% 
signal levels or are not available, it is reasonable to assume that observers are unable 
to reliably use the information to detect MID.
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Observer AA (the author) showed little effect of reference information type for RDS 
and DRDS stimuli, which both yielded relatively low thresholds in comparison to 
other observers’ data. It is possible that, as this observer was aware of the generation 
methods for the stimuli, and was practiced in such tasks, they were more easily able 
to distinguish correlated from non-correlated dot patterns. However, there was a 
trend for this observer to give lower thresholds to strong reference information for 
TCRDS targets (see fig 2.10). If observer AA had responded only to the presence 
of correlation in target patterns, then we would expect no effect of reference type, 
as all TCRDS target conditions were equivalent with respect to target correlation, 
regardless of reference information. In addition, observer AC was a more practiced 
participant with knowledge of stimulus generation techniques, and there is evidence 
that this observer’s responses were affected by reference type. Therefore, experience 
and knowledge of the different RDS stimuli does not affect performance uniformly.
Relative Depth vs. Relative 2-D motion2.4.4 
We know that both relative depth and relative 2-D motion are more easily 
distinguished than their absolute counterparts (e.g. Kumar & Glaser, 1992; Legge and 
Campbell, 1981). However, there is little evidence on which to base the assumption 
that MID processing via CD is affected by the presence of relative information in 
the same way as IOVD processing. For example, we know that relative disparity 
yields lower detection thresholds than absolute disparity (Kumar & Glaser, 1992), 
hence, it is logical to assume that changes in relative disparity may be detected more 
easily than changes in absolute disparity. Therefore, when only CD information is 
available, we would expect that any change in detection threshold that occurs due 
to the presence of reference stimuli is due to the availability of relative disparity 
information. However, IOVD cues to MID are comprised of the monocular 2-D 
motion presented to each eye. We know that 2-D motion is more readily detected 
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in the presence of a reference (Legge and Campbell, 1981), and so we expect that, 
when only IOVD information is available, the effect of reference information on MID 
detection threshold stems from the comparison of relative 2-D motion information 
from each eye. 
We have based our experimental design on these assumptions, to isolate the effects of 
relative disparity and relative motion on detection of MID of RDS, DRDS and TCRDS 
stimuli. However, there are reasons to expect differences between the effects of 
relative information on MID detection when using CD and IOVD information. Firstly, 
it is unlikely that the addition of reference information affects depth discrimination 
and lateral motion detection thresholds equivalently. Both Westheimer (1979) and 
Kumar and Glaser (1992) reported that depth discrimination thresholds decreased by 
up to 10-fold when reference information was added to a single line target, whilst 
Legge and Campbell (1981) reported a 5-fold reduction in detection threshold of 
lateral displacement. However, no fair comparison can be made between these kinds 
of findings, not only because they were obtained using different tasks and stimuli, 
but also because static depth and motion are perceptually distinct dimensions, both 
have locational components, but motion also contains a temporal component. 
McKee et al. (1990) compared thresholds of stereoacuity and lateral displacement, 
asking participants to judge whether the target was in front of or behind the reference 
stimuli, or whether the target shifted to the left or right respectively. They reported 
that thresholds are similar in magnitude, and that there is a common effect of 
eccentricity on both thresholds. This supports the idea that discrimination of relative 
depth and relative 2-D motion can be compared, but does not necessarily apply to 
detection performance.
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We have little evidence on which to base the expectation of a similar magnitude of 
effect from relative information in DRDS and TCRDS stimuli. However, by careful 
comparison of conditions, we have found that some observers tend towards the 
use of one type of binocular information to MID over the other (e.g. figure 2.10), 
and that the inclusion of strong reference information correlates with low detection 
thresholds. The variation in performance found across the target-reference stimulus 
combinations indicates that manipulating the strength of relative MID information 
affected MID detection thresholds.
Reference Stimulus Assumptions2.4.5 
Had observers only gained useful, facilitative information from relative information 
arising from strong reference information, then we would expect that non-correlated 
reference stimuli would yield high thresholds for all target stimuli. However, this was 
not the case for any observer, and we even found instances in which non-correlated 
reference stimuli yielded thresholds similar to those from strong reference stimuli, for 
example, observer AC’s data in TCRDS conditions (see figure 2.9). This is evidence 
that the use of reference information was not as simple as we had previously 
assumed.
We have assumed that the reference stimuli provide relative information based 
on the correlation of their elements. For example, that only binocularly-correlated 
dots provide disparity information, and that only temporally-correlated dots provide 
persistent locational information in the frontoparallel plane. However, it is possible 
that observers utilise the reference information in a different way than expected. 
The boundary within which the reference dot pattern is contained is consistent over 
time and between the eyes. Therefore any reference information type may yield 
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relative depth and 2-D motion information from the reference boundary. If observers 
had made use only of the reference information available from the boundary of the 
reference dot pattern, then we would expect no differences in performance between 
any reference types. This could account for the lack of relative information effects 
found in observer AA’s data for RDS and DRDS target stimuli. However, this is not 
the case for all observers, as suggested by the varying effects of different reference 
information types found in our results. 
Conclusions2.5 
The individual differences in target-reference relationship trends found in this study 
suggest that observers may differ in dependence on CD and IOVD information 
and the effects of reference information. Due to the variability between observers’ 
results, no general conclusion on target-reference combination effects can be upheld 
with this data. However, there are indications that ‘strong’ reference information 
can facilitate detection of MID more than ‘weak’ reference information. This, in 
conjunction with evidence of differing dependence on the two binocular cues, 
lends support to the idea that CD and IOVD information are processed by separate 
mechanisms with differing characteristics.
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Time-to-Contact: A General Introduction3. 
Synopsis3.1 
We have, thus far, focused on information that signals motion-in-depth (MID). We 
now turn our attention to the application of MID cues, to explore the information 
used to estimate the time at which an approaching object will contact the observer, 
i.e. time-to-contact (TTC). In the following chapter, we give an introduction to the 
concept of TTC, and the visual information that may be used to estimate it. In the 
real world, many visual cues are available to inform an observer of an approaching 
object, however, in the following experimental chapters we focus our investigation 
on the effect of binocular information on TTC judgements, and what binocular 
information, CD, IOVD or both, is utilised to make TTC estimations.
TTC3.2 
TTC is the time remaining before an approaching object will contact the observer. 
The ability to estimate TTC is important for planning interception and avoidance 
actions. Professional level participation in many sports requires highly accurate TTC 
judgements, however, TTC judgement is also critical for more basic survival skills 
that would have affected the evolutionary success of our ancestors, e.g. hunting and 
escaping threat. It has been shown that infants react to approaching objects (Yonas 
et al., 1977), and many animals react defensively when presented with an object 
on a collision course, including rhesus monkeys (Schiff, Caviness & Gibson, 1962), 
turtles (Hayes & Saiff, 1967, as cited in Schiff & Detwiler, 1979, p.647) and even 
locusts (Robertson & Johnson, 1993). This supports the universality of the need to 
detect approaching objects and predict when they will collide. However, there is 
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little consensus among theories concerning how TTC is processed, and what types 
of information are required.
Researchers have investigated a range of potential variables used for TTC perception, 
employing various experimental designs and measurements. Here, we review the 
literature pertaining to the type of information utilised to estimate TTC. Firstly, 
we describe the literature that motivated much of the recent research on TTC, 
specifically, David Lee’s tau theory (e.g. Lee, 1976,; Lee & Reddish, 1981).
Tau Theory3.3 
An important chapter in the research of TTC information stemmed from Lee’s 
(1976) investigation into the braking behaviour of drivers to prevent collision with 
other vehicles. He proposed that the driver need not control braking based on the 
spatial proximity of the other vehicle, or (changes in) velocity, but that the necessary 
information was given by a relationship between these factors, i.e. the temporal 
proximity, TTC, that could be defined by optically specified variables. Lee (1976) 
proposed a calculation of TTC, which he called tau, τ:
[3.1]
Where θ denotes the visual angle subtended by the object - in this case the 
vehicle in front, and dθ/dt refers to the rate of change of that angle over time. 
This holds for relatively small values of θ, and direct MID (i.e. directly towards 
the head). Unbeknown to Lee, this calculation had previously been documented 
by the astronomer and mathematician Hoyle in a sci-fi novel to calculate when an 
approaching asteroid would strike (‘The Black Cloud’, 1957, p26-27). Shortly after this 
publication, Knowles & Carel (1958) tested whether observers were sensitive to tau, 
τ = p(t)
p’(t)
τ = θ
(dθ/dt)
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I
D · (dδ/dt)
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γ
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δ
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I
(dθ/dt)
(dδ/dt)
TTC ≈
I
D · (VR - VL)
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removing speed, distance and familiar size cues. They reported that responses were 
“surprisingly accurate” for TTCs of up to 4 seconds, however, longer TTCs produced 
increasing underestimations.
The simplicity of the equation for tau is appealing, as it does not require estimates 
of distance, speed or absolute size of the object, which have all been shown to be 
unreliable (Foley, 1980; Rushton & Duke, 2009; Carlson, 1960). For example, Foley 
(1980) found that observers generally misperceived distances, whilst Rushton & Duke 
(2009) have shown the inaccuracy of speed judgements for approaching objects. Lee 
considers these variables (distance, speed and absolute size) to be second-order, as 
they are not directly available at the retina, but rather derived from tau and other 
visual information arising from movement in the visual scene and from movement of 
the observer (Lee, 2009).
Subsequent research has proposed the use of tau for a range of situations, such as 
catching and driving (see Lee, 2009). There have been reports of low discrimination 
thresholds (7-13%) for values of tau in laboratory conditions, alongside evidence 
that neither size nor rate of expansion had an effect on TTC judgement (Regan & 
Hamstra, 1993; Regan & Vincent, 1995).
General Tau Theory3.3.1 
The main concern of Lee’s work has focused on the closing of ‘action-gaps’, which 
refer to the difference between current states and goal states. For example, a driver 
uses current visual information to guide braking actions that ensure the goal of a 
safe closing of distance between their own car and the car in front (Lee, 1976). 
However, action-gaps are present in multiple dimensions, for example, those used 
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by musicians to control changes in musical expression (Schogler, Pepping & Lee, 
2008). Accordingly, Lee expanded his concept of closing action-gaps to generalise 
across a wide range of situations. This led to the formulation of ‘General Tau Theory’ 
(Lee, 1998), which has been considerably more controversial than Lee’s original 
statement of tau. General Tau Theory states that all purposeful movements require 
the controlled closure of action-gaps, and that the only measure used to control this 
is tau, the time-to-closure of the relevant action-gap (Lee, 2009). 
In the next sections, we review support for two main aspects of the general tau 
theory: the sole use of the relative rate of expansion to estimate TTC, and the use of 
optical, not perceived, variables to estimate TTC. (for more extensive reviews of tau 
theory, please see Wann (1996) and Tresilian (1991, 1999)).
Relative Rate of Expansion3.3.2 
Although Lee emphasised the existence of action-gaps across multiple dimensions, 
much of the research that has tested the use of tau for TTC perception has focused on 
the relative optical expansion rate as stated in equation 3.1. If the absolute physical 
size and velocity of the approaching object are constant, then tau accurately predicts 
the time remaining until the approaching object will contact the observer. Conversely, 
if the absolute size of the approaching object varies throughout its trajectory, then, at 
any point in the approach, tau may not be an accurate prediction of the actual time 
at which the approaching object will contact the observer. 
This was tested by Savelsbergh et al. (Savelsbergh, Whiting & Bootsm, 1991, 1993), 
using the ‘deflating ball’ paradigm. The observers were required to intercept an 
approaching ball that reduced in physical size along its trajectory. This deflation 
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conflicts with the assumption of constant size required for the relative optical 
expansion rate to accurately predict TTC, and would lead to an erroneously long 
TTC estimate. Accordingly, Savelsbergh et al. (1991) found that observers responded 
later to deflating balls than to those of constant size. 
However, Wann (1996) reanalyzed data from Savelsbergh’s (1991) research against 
the tau information available in that study, and reported that the effect of deflation 
on responses was weaker than would be predicted purely by tau. That is, the 
delays in responses to the deflating ball were not as long as would be expected 
had the observer used only tau information. The deflating ball paradigm has also 
been shown to have a greater effect under monocular viewing than under binocular 
viewing conditions (re-analysis of 1991 data by Savelsbergh, 1995). That is, the bias 
towards perceiving a deflating object as having a longer TTC than one of constant 
size, is reduced when both eyes view the stimulus. This suggests that the availability 
of binocular cues can mediate the influence of tau on TTC estimates, as we will 
discuss in section 3.4.2 (and sub-sections). 
Regan and Hamstra (1993) performed a series of experiments into the use of different 
variables available from the optic flow to inform TTC discrimination. By manipulating 
variables independently, they found that observers (1 author and 1 experienced 
observer) were able to discriminate TTC based on tau information, ignoring variations 
in the rate of expansion, total change in size, initial size or presentation duration of 
the stimuli. They also found that discrimination of trial-to-trial variation of rate of 
expansion was performed independently of tau information. 
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As these experiments aimed at separating the discrimination of variables, feedback 
was given in accordance with the ‘task-relevant’ variable, encouraging the use of one 
variable over another within each experiment. Therefore, although the results suggest 
independent use of tau and rate of expansion information, it does not indicate what 
variables are used naturally to judge TTC. As such, research appears to suggest that, 
although the relative rate of expansion may be used in TTC perception, it cannot, in 
isolation, account for TTC judgements. 
Optical vs. Perceived Variables 3.3.3 
A tenet of the general tau theory is that tau alone is used to close action-gaps, and 
is directly available from the optical flow (Lee, 2009). This idea was inspired by the 
theoretical approach of direct perception from Gibson’s work (1966, 1979).  In brief, 
the direct approach proposes that perception is obtained directly from environmental 
information without any processing of sensory input. In opposition to this approach, 
the traditional indirect approach, including the work of Helmholtz (1909), R.L. 
Gregory (1977) and I. Rock (1977), proposes that perception is essentially constructed 
from the processing of sensory inputs. It is beyond the scope of this section to discuss 
these approaches in detail here (see Abernethy & Burgess-Limerick, 1992 for review), 
it is sufficient to note that the perception of TTC can be modeled by both direct and 
indirect approaches. We have already stated that tau is considered a direct variable, 
but it is also possible that TTC is perceived via the processing of sensory, and perhaps 
other, information - the indirect perception. Debate between these approaches has 
led to tau and TTC receiving attention from researchers as a point of discussion for 
the direct/indirect perception approaches. 
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One study that directly challenged the notion of a direct perception of TTC from 
an optical variable was performed by Smeets et al. (Smeets, Brenner, Trebuchet  & 
Mestre, 1996), who hypothesized that the perceived TTC was obtained by using 
the ratio of perceived distance and perceived velocity. They tested this with two 
simultaneously presented stimuli (separated horizontally) moving laterally towards the 
centre of the screen: a standard stimulus, and a similar adjustable target. Observers 
were instructed to adjust the target to match i) the velocity, ii) final distance or iii) 
TTC of the standard stimulus. In a previous experiment, Smeets and Brenner (1995) 
had found that the motion of the background texture influenced the perceived 
velocity of the target, but not the perceived position. Therefore, by displaying the 
moving standard and target stimuli against a laterally moving background pattern, 
they influenced the perceived velocity of the target, yet preserved the perceived 
distance information and optical variables (e.g. angular velocity, angular distance) 
available for TTC judgement.
They proposed that, if optical variables, such as tau or constriction of an optical gap 
(Bootsma & Oudejans, 1993), were utilised for TTC judgement, then there should be 
no effect of background condition (i.e. static, moving). However, if TTC judgements 
depended on perceived velocity and perceived distance, then the movement of 
the background should have an effect on TTC judgements. Their results showed a 
significant effect of background motion on perceived TTC, in conflict with the sole 
use of optical variables, and also with the direct perception approach. Their results 
do not prove conclusively that perceived distance and velocity are used for TTC 
judgement, but the findings are in concordance with the use of these variables, and 
so this hypothesis cannot be rejected. 
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Although the stimuli were presented in 2-dimensions (i.e. movement within the 
frontoparallel plane), Smeets et al. (1996) speculated that similar principles apply to 
TTC in 3-dimensions (e.g. motion towards the observer). They proposed that the 
ratio of perceived 3-D distance and perceived 3-D velocity is used, and hence that 
3-D TTC judgement should be sensitive to binocular information.
Another example of the use of perceived, rather than optical, attributes of an 
approaching object is the size-arrival effect (SAE). When an observer is presented 
with two approaching objects, the larger object is often perceived as having the 
shorter TTC, regardless of the information from tau or other optical variables (Law 
et al., 1993; Caird & Hancock, 1994; DeLucia, 1999; DeLucia & Warren, 1994; 
van der Kamp et al., 1997). The SAE is robust across a number of different tasks, 
including photographic animations of real objects (DeLucia, 1989, 1991), active 
collision-avoidance tasks (DeLucia & Warren, 1994) and computer simulations of 
traffic scenes (Caird & Hancock, 1994). In addition to this, DeLucia (2005) showed 
that the magnitude of the SAE can be mediated by familiar size and binocular 
disparity information, and has proposed that the use of different types of information 
for computing TTC can depend on the availability, reliability and accuracy of that 
information (DeLucia, Kaiser, Bush, Meyer & Sweet, 2003). This supports the use of 
perceived, rather than absolute, retinal variables in the estimation of TTC.
Exclusive Use of Tau?3.3.4 
Although the notion of tau is appealing, due to its simplicity, research suggests that it 
does not alone account for TTC judgement. Many positive findings do not preclude 
the use of other information, and/or do not obtain responses as predicted solely by 
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a tau-using process (Wann, 1996; Tresilian, 1994b, 1999). Therefore, the general tau 
theory, in its strongest form, has little support. 
What Information is Used to Estimate TTC?3.4 
Heuer (1993) observed that tau (see equation 3.1) could be generalized to proximal 
variables that “are proportional to the reciprocal distance of the object”, i.e. that 
satisfy:
[3.2]
Where t is the point in time during trajectory, p denotes the proximal variable, and 
p’ represents the rate of change of that variable (Heuer, 1993). For example, the TTC 
of an approaching object can be given by its distance, D, and its speed (i.e. rate 
of change of distance), D’. Similarly, accommodation, convergence and binocular 
disparity may be substituted as proximal variables.
There is growing support for various different sources of visual information being 
included in the TTC perception process. We have already mentioned research 
on the use of perceived speed and perceived distance (Smeets et al., 1996), and 
the influence of binocular information (e.g. Savelsbergh, 1995). The TTC literature 
encompasses a broad range of methodologies, measurements and interpretations. 
We now give an overview of the research into the use of various types of TTC 
information.
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TTC Cues from Texture Patterns3.4.1 
Vincent and Regan (1997) raised a legitimate concern about the omission of realistic 
texture in visual simulations, including both experimental research and training with 
flight simulators. They noted that, in the real world, the retinal image of texture obeys 
the same geometrical laws as the object as a whole. For example, the retinal image 
of the texture of an approaching object undergoes similar expansion to the retinal 
image of the object’s size. They therefore hypothesized that a mis-match in the rate 
of expansion (ROE) between the simulated object size and its texture may affect TTC 
judgements. 
Figure 3.1 Illustrates the type of texture pattern used by Vincent and Regan (1997). It 
shows an example for two cases: i) ROE of texture is faster than ROE of object size, 
ii) ROE of texture is slower than ROE of object size. The ROE of the object size was 
consistent with a TTC of 2s in all stimuli. Vincent and Regan (1997) found that the 
ROE of the texture had a significant effect on TTC perception. When the ROE of the 
Illustration of stimuli used in Vincent & Regan (1997). Shows example at Figure 3.1 
start of presentation (t0) and end of presentation (tn) for two cases. i) ROE of texture 
faster than ROE of object size, ii) ROE of texture slower than ROE of object size.
t0
i) tn ii) tn
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texture was faster than that of the object size (figure 3.1.i), estimates were significantly 
shorter than 2s, if the texture ROE was slower than the object size ROE (fig 3.1.ii), 
estimates were significantly longer than 2s, and when the texture and object size 
had consistent ROEs, estimates were not significantly different from 2s. This supports 
their hypothesis that information available from the texture of approaching objects 
can have an effect on TTC judgement.
Further investigation of the influence of textural information on TTC perception 
comes from Harris & Giachritsis (2000). They noted that, in the real world, as an 
object approaches, the expansion of its texture yields at least two different sources of 
MID information; individual elements of the texture pattern expand, and the relative 
position of elements changes (i.e. they appear to diverge away from one another). 
Harris and Giachritsis (2000) stated that these potential cues to TTC are of two 
distinct types: i) fine-grained, consisting of transformations of individual elements, 
usually across a small spatial scale (see figure 3.2a), ii) coarse-grained, consisting of 
Illustration of stimuli used in Harris & Giachritsis (2000). Fine-grain and Figure 3.2 
course-grain information from MID simulation over time (t1, t2, t3). a) Fine-grain 
information stimulus with looming of texture elements. b) Course-grain information 
from divergence of texture elements.
t3t2t1
b) Course-grain
a) Fine-grain
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changes in the relative position of elements, and usually across a large spatial scale 
(see figure 3.2b). 
Vincent and Regan (1997) used stimuli in which the ROE of the texture was consistent 
with both looming of individual texture elements and the radial divergence of texture 
elements (see figures 3.1). Therefore, fine- and coarse-grained information were 
consistent in their stimuli (as in real-world situations). In order to isolate the potential 
effects of these variables on responses, Harris and Giachritsis (2000) employed 
stimuli similar to that in figure 3.2, a random-dot pattern, in which fine- and coarse-
grained information could be manipulated independently (see figures 3.2a and 3.2b 
respectively).
They found that TTC estimates increased with the TTC indicated by coarse-grained 
information (i.e. the rate of element divergence). However, variation of fine-grained 
information (i.e. the rate of expansion of individual elements relative to the rate 
of positional divergence) had little influence on TTC judgements. To test whether 
these results were an effect of information type (e.g. element expansion and spatial 
divergence) or of spatial scale (e.g. fine- and coarse-grained), Harris and Giachritsis 
(2000) replaced individual texture elements with clusters of dots. These stimuli 
produced similar results to the previous tests, in that the coarse-grained divergence 
between clusters appeared to dominate responses, and the fine-grained information 
from the divergence of dots within each cluster had little effect on TTC judgements. 
This suggests that it is the spatial scale, and not the information type, that is 
responsible for these differences in responses between conditions. 
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Unfortunately, there was not a full comparison of TTC judgements made with 
expansion and divergence information on the larger spatial scale. It would be 
interesting to note whether a large expanding circle would lead to similar TTC 
estimates as a (similar size) pattern of radially diverging dots, which do not change in 
size. This would further our understanding of the contribution of relative positional 
information from texture. When presented with a single small (0.2º or 0.4º) cluster of 
dots, which diverged, but did not expand, over time, observers appeared to be able 
to make use of the divergence information to judge TTC. This Indicates that fine-
grained information could be utilised when presented without conflicting coarse-
grained information. Yet this was shown to be a relatively weak cue to TTC, yielding 
inaccurate and unreliable responses. The findings suggest that the visual system is 
capable of utilising fine-grained divergence information, but that this information 
may play only a small role in TTC estimation when placed in conflict with coarse-
grained TTC information.
Both Vincent and Regan (1997) and Harris and Giachritsis (2000) concede that the 
influence of texture information on TTC perception is likely to be relatively small, 
depending on viewing conditions, in accordance with previous literature (eg. Regan 
& Beverley, 1980; Beverley & Regan, 1983). Although TTC information from the 
texture pattern of an object may have little overall contribution to everyday TTC 
perception in the real world, the above research demonstrates that the visual system 
is able to make use of this information to influence TTC judgements. Therefore, a 
full explanation of TTC perception should be able to account for the potential use of 
information from the retinal image of object texture.
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Binocular TTC Information3.4.2 
In section 3.3.2, it was noted that the deflating ball paradigm yielded less biased 
responses when viewed with two eyes (Savelsberg, 1995). This suggests that binocular 
information may contribute to TTC perception. As discussed in chapter 1 (section 1.5 
and sub-sections), different types of binocular information are available to inform the 
observer of MID, and hence TTC. We now address 3 types of binocular information 
that may be used in TTC perception: changing vergence, binocular disparity, and 
inter-ocular velocity difference.
Changing vergence3.4.2.1 
Heuer (1993) investigated the combination of retinal information and oculomotor 
signals in a TTC task, noting that research on TTC has largely focused on the passive 
reception of optical information. By manipulating changes in target size and vergence 
independently, Heuer found evidence that both of these types of information were 
able to influence TTC estimation. They also demonstrated that the absolute size of 
the target can affect the relative influence of these two cues, with changing size 
dominating for most objects, and vergence dominating TTC perception of small 
objects.
It is difficult to separate the effects of ocular vergence and absolute retinal disparity 
information. Heuer (1993) argued that, as the object was tracked by the observer, 
and fusion was rarely lost, absolute retinal disparity was likely to remain around 
zero, indicating no motion. There was also no reference information presented 
from which to derive relative disparity, and, as discussed in section 2.1.2, absolute 
changes in disparity are a poor cue to MID, especially when placed in conflict with 
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looming infomation (e.g. Brenner, Van Den Berg  & Van Damme, 1996; González et 
al., 2010).
Another source of support for the use of vergence information for TTC perception 
comes from recent evidence of its use in MID perception (e.g. Nefs & Harris, 2007, 
2008; Howard, 2008; Welchman et al., 2009). Nefs and Harris (2007) found that 
when observers tracked a target moving sinusoidally in depth, the speed of target 
motion appeared to be slower than when fixating upon an adjacent stationary 
reference point. Additionally, Welchman et al. (2009) found that both retinal and 
extra-retinal signals could inform MID estimation, and that these types of information 
may also combine to do so. Such research demonstrates that vergence information 
can influence the perception of MID of a target, and so may also play a part in the 
perception of TTC.
Changing disparity3.4.2.2 
As previously discussed in chapter 1, changes in the relative disparity of an object 
over time can inform MID perception (Wheatstone, 1852). Yet there are various 
approaches to formalizing the use of CD information to calculate TTC. For a target 
directly approaching the head at a constant speed, the TTC can be given by:
[3.3]
Where the viewing distance, D, is much greater than the inter-ocular distance, I, and 
d∂/dt denotes the rate of change of relative binocular disparity (Regan, 1995, 1998). 
Equation 3.3 requires an estimate of distance, but can be rewritten using the angle , 
γ, subtended by the object and the two eyes (Regan 1995; Gray & Regan, 1998):
[3.4]
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This differs from the calculation that uses the relative binocular disparity, δ, between 
the target and a distant reference point (e.g. Wann and Rushton, 1999):
[3.5]
Which holds when distance is large relative to the distance between reference and 
target. This leads us back to Heuer’s (1993) assertion that any proximal variable that is 
proportional to the reciprocal distance of the approaching object may be substituted 
into a tau-like formula (see equation 3.2). There is, as yet, no consensus on the 
calculation of TTC using CD information. However, a common feature in the above 
calculations is the rate of change of disparity, (dδ/dt), which leads to the question of 
whether the human visual system is sensitive to dδ/dt. Results in such studies are 
mixed, with reports of both relatively low discrimination thresholds (e.g. Portfors-
Yeomans & Regan, 1997a) and relatively high thresholds (e.g. Harris & Watamaniuk, 
1995). We discuss further evidence for the use of CD information in TTC judgement 
below, in section 3.4.3.
IOVD3.4.2.3 
We introduced the concept of IOVD in section 1.5.4, and noted that, in the real 
world, IOVD and CD information is 100% correlated; both are present, and indicate 
the same MID value. Similarly, in studies of the use of binocular information for TTC 
perception, both CD and IOVD information have been available and coherent. That 
is, research that has manipulated binocular variables has altered both CD and IOVD 
information correspondingly. Whilst most of these studies refer only to CD and 
vergence information, there has been little distinction made between the different 
types of potential binocular information available. We are not aware, at this time, 
of any study that has explicitly investigated the contribution of IOVD information to 
TTC judgements. As such, little theoretical discussion has been published regarding 
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the calculation of TTC from IOVD information. One possible equation for the use of 
IOVD in TTC estimation is:
[3.6]
Where VR and VL are the monocular velocities in the right eye and left eye 
respectively, given in radians per second, and where viewing distance, D, is much 
larger than the inter-ocular distance, I.
One indication that IOVD information may play a role in TTC judgement, is that it 
has been linked with the perception of speed (Brooks, 2002a; Brooks & Stone, 2004, 
2006; Harris & Watamaniuk, 1995; Fernandez and Farrell, 2005). Brooks and Stone 
(2004) compared speed discrimination thresholds for DRDS stimuli (see section 
1.6.2), which contain CD, but no coherent monocular motion, hence no IOVD, and 
RDS stimuli (see section 1.6.3), which contain both IOVD and CD information. They 
found that, on average, discrimination thresholds were higher for DRDS stimuli than 
for RDS stimuli, and ruled out effects of overall displacement, duration, monocular 
half-images (i.e. using one eye’s input), and differences in the disparity information 
between RDS and DRDS. They concluded that, although CD is a sufficient cue for 
speed discrimination, IOVD supplies a precise additional cue to speed perception of 
MID.  
Binocular vs. Monocular Cues to TTC3.4.3 
As previously mentioned, results from Savelsbergh (1991, 1995), Heuer (1993) and 
DeLucia (2005) support the role of binocular information in TTC estimation. We now 
review research into the relative use of binocular and monocular cues to TTC.
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Size determines relative weight 3.4.3.1 
The relative weighting of information from monocular and binocular cues to TTC has 
been reported to depend on the absolute size of the target object (Regan and Beverly, 
1979, Heuer, 1993). Regan and Beverly (1979) demonstrated that, mathematically, the 
ratio between monocular and binocular information is inversely proportional to the 
size of the object:
[3.7]
Where dθ/dt denotes the rate of expansion (monocular), dδ/dt denotes the rate of 
change in disparity (binocular), 2s is the absolute (not optical) width of the target 
and I is the inter-ocular distance. This suggests that monocular cues may dominate 
for large objects, and binocular cues may dominate for small objects. In accordance 
with this, Heuer (1993) found that the relative influence of changing size on TTC 
estimation decreased with the size of the target stimuli, and posited that the changing 
size signal may be too unreliable for small target sizes.
Further to this, Gray and Regan (1998) manipulated monocular and binocular cues 
independently for both large (mean initial diameter 0.7º) and small (0.03º) stimuli in 
a TTC comparison task. In the first section of their study, Gray & Regan investigated 
observers’ sensitivity to monocular and binocular TTC information, measured by 
the just-noticeable difference in trial-to-trial variations of TTC. When only binocular 
information indicated TTC, sensitivity was independent of target size. Yet, when only 
monocular cues indicated TTC, good sensitivity was shown for large targets, but no 
reliable discrimination of TTC could be made for small targets.
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Gray & Regan (1998) went on to test the accuracy of TTC estimates made with 
monocular and/or binocular information. Estimates of TTC using only binocular 
information yielded errors of 2.6-3% for the small target and 2.5-10% for the large 
target. Using monocular information, errors in TTC estimates ranged between 2-12% 
(large target only), but when congruent monocular and binocular information was 
available, errors were lower (1.3-2.7%). This suggests that, although both monocular 
and binocular cues are sufficient for estimating TTC of large objects, the combination 
of these cues leads to more accurate TTC estimation. They concluded that, in the 
real world, when targets are small, and no more than a few metres away, accurate 
estimates of TTC can be obtained using only binocular information.
The effect of size on the relative influence of binocular and monocular cues has also 
been shown in catching tasks (Bennett, van der Kamp, Savelsbergh, & Davids, 1999; 
2000). Bennett et al. (2000) manipulated the binocular TTC information with the use 
of a telestereoscope, which increases the effective inter-ocular distance, and therefore 
the convergence angle and binocular disparity. They found an interaction between 
stimulus size and viewing condition, such that the smaller (6 and 8cm diameter) 
stimuli yielded earlier hand closure under telestereoscopic viewing in comparison to 
normal viewing. This is in accordance with the notion that TTCs of smaller objects 
are primarily based on binocular information. However, they stressed that binocular 
and monocular information combine to inform TTC perception overall.
Multiple TTC Cues3.4.4 
Much research now indicates the use of multiple cues to TTC with variable effects 
on TTC estimation. Rushton & Wann (1999) investigated the relative influence of 
looming and CD information on TTC judgement using a virtual reality catching task. 
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They manipulated the TTC indicated by looming and CD independently, and found 
that the timing of observers’ grasp was most strongly influenced by the variable that 
indicated the shortest TTC. To account for this, they proposed a simple ‘dipole model’ 
for TTC judgements, which uses flexible weighting of looming and CD information 
based on both TTC cues.
Tresilian (1994a, 1994b) reviewed much of the literature on information used for 
interceptive actions (e.g. catching) and argued for the integration of numerous TTC 
cues. In a series of experiments, DeLucia et al. (2003) found that the depth cues 
of occlusion, height in field, relative size and motion parallax all influenced TTC 
judgement. They proposed that when multiple TTC cues are available, they are 
integrated, rather than applying a selection strategy. 
From the literature, it appears that there are many variables that may play a role 
in TTC judgement. Overall, there seems to be agreement that looming information 
can be used to inform TTC perception, especially where the approaching object is 
relatively large (Gray & Regan, 1998; Bennett, 2000). There is also strong evidence 
for the use of binocular information in TTC perception (e.g. Heuer, 1993; Gray & 
Regan, 1998; Bennett, 2000). However, there is disagreement as to how these and 
other cues to TTC are utilised to inform TTC judgement. It appears that the actual 
information used may depend on the reliability and availability of cues.
Unanswered Questions3.5 
Although many variables have been proposed to play a role in TTC judgement, there 
is a lack of clear evidence of causal relationships (Tresilian, 1994b), probably due to 
the tight covariance of variables. In light of evidence that cues may be combined to 
95
3. TTC: A General Introduction
perform TTC judgement, the study of the influence of ‘isolated’ variables may have 
been confounded. For example, Gray and Regan (1998) used a stimulus condition in 
which the change in size of the target indicated TTC, but CD did not. They referred 
to this condition as monocular, however, observers viewed the stimuli binocularly, 
and the binocular information indicated that the stimuli were stationary (we refer to 
this as biocular viewing). Therefore, the ‘monocular’ stimuli contained a cue-conflict 
that may bias results. Gray and Regan (1998) noted that a subsidiary test indicated 
no difference in responses to the ‘monocular’ stimuli when viewed with one or two 
eyes, yet no details of this data were given. Conversely, in their ‘binocular’ condition, 
retinal size of the target stimuli remained constant, indicating no MID. 
These cue-conflicts do not negate the reported effects, but it should be noted that 
there are clear theoretical differences between a) presenting variables in isolation b) 
presenting variables in conflict and c) presenting congruent variables. As looming 
information is largely recognized as contributing to TTC perception, it would be 
valuable to explicitly measure the effect of adding congruent binocular information to 
a looming target across various stimulus parameters (e.g. size, distance). This would 
highlight any effect(s) that binocular information adds to looming information. 
There is reason to believe that both CD and IOVD may be used for TTC judgement, 
with IOVD implicated in speed perception (e.g. Brooks & Stone, 2004), and CD used 
for spatial and MID tasks (e.g. Julesz, 1971). However, further research is needed to 
separate the potential contributions of these cues to TTC perception.
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Aims 3.6 
TTC research consists of various different experimental methods, including simple 
psychophysical forced-choice responses (e.g. Gray & Regan, 1998), absolute TTC 
estimates (i.e. predicting when a target will contact after it disappears)(e.g. Heuer, 
1993) and interception tasks (e.g. Savelsbergh et al. 1991, 1993; Rushton & Wann, 
1999).  Here, we focus on the perception of TTC, not the accuracy of initiating or 
executing motor responses. Therefore, whilst these behaviours are undoubtedly 
important in their own right and linked to perceptual phenomena, we concentrate 
on isolating the TTC perception attained from visual information alone. It should also 
be noted that we study TTC perception of a target moving in the midsaggital plane 
towards the midpoint between the observers eyes, with no observer movement. 
As discussed in former chapters, both CD and IOVD cues are able to produce a 
perception of MID. Yet, we are not aware of any previous research that attempts 
to determine the relative contribution of these two sources of information to TTC 
judgement. Much of the binocular TTC research has interpreted results in terms of 
disparity or vergence information, but as binocular stimuli have also contained IOVD, 
the influence of this correlated, but theoretically distinct, information cannot yet be 
ruled out. This is the focus of the following experimental chapters.
In order to manipulate CD and IOVD information independently, it is necessary to 
use artificial stimuli (see section 1.6 and sub-sections). In this way, the information 
available to observers becomes restricted. What this loses in ecological validity, it 
gains in empirical validity, in that control over experimental variables is tight. The 
following experimental chapters explore the influence of binocular information on 
TTC judgements. First, we compare judgements made on stimuli containing only 
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monocular cues to TTC with those from stimuli containing both monocular and 
binocular cues. This is a part-replication of previous literature that has compared the 
use of monocular and binocular cues to TTC (Heuer, 1993; Gray & Regan, 1998), but 
uses random-dot stimuli to convey MID. Once satisfied that such stimuli are able to 
reveal binocular influences on TTC perception within the experimental parameters, 
we investigate the contribution of CD and IOVD information to TTC judgements. 
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Introduction4.1 
The following chapter describes the general methods for the TTC experiments that are 
to be presented in the following experimental chapters (ch. 5-8). Details pertaining 
to individual experiments are described in the relevant experimental chapter.
Observers and Preliminary Tests4.2 
A total of 50 non lab-member observers (16 male, 34 female) were opportunistically 
sampled from the student population. The number of observers participating in each 
experiment is given in the methods section of the relevant experimental chapter. Non 
lab-member observers were naïve to the aims of the study throughout participation 
and were compensated for their time. The University Teaching and Research Ethics 
Committee (UTREC) at the University of St. Andrews granted approval for all 
experiments (approval code PS1219). 
Individual inter-ocular distance was measured with a ruler or standard pupilometer. 
This data was used to tailor stimuli so that the appropriate disparities could be 
generated to simulate the same stimulus depths and distances for all participants 
(see stimuli section 4.4, below). All observers had vision that was normal (n=30), or 
corrected to normal (11 wore glasses, 9 wore contact lenses), and were tested for 
visual and stereo acuity. 
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Visual Acuity4.2.1 
Observers were tested for normal visual acuity using the FrACT test (Bach, 1996). 
This presents a Landolt-C stimulus (i.e. a broken circle) at varying sizes and at one 
of four orientations (i.e. 0º, 90º, 180º and 270º). The observer is required to make 
a four-alternative forced-choice response indicating the orientation of the stimulus. 
Responses affect the size of subsequent stimuli in order to determine an estimate 
of discrimination threshold. Acuity was recorded in terms of Snellen fractions, 
which indicate the distance at which the observer recognised the optotype (here a 
Landolt-C), compared with the distance at which a ‘normal’ observer would recognise 
it. Although this is not the most precise assessment of acuity, it measures the smallest 
visible detail available to the observer, and allows us to establish a standard level 
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(male), according to right-hand y-axis.
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of acuity among observers that is sufficient for completing the experimental tasks. 
This ensures that performance on tasks is not adversely affected by the individual 
differences in visual acuity.
Figure 4.1 shows the frequency of Snellen fractions for the 49 observers (33 female, 
16 male) that performed the FrACT test, with the total number across the group 
indicated by bars and the left-hand axis. The within-gender frequency, in terms of 
the percentage of the gender group accounted for, is indicated by diamonds (female) 
and squares (male), and plotted using the right-hand axis. There was little variation 
between gender groups, and both male and female observers obtained a median 
score of 5/4.
Stereoacuity4.2.2 
If observers’ stereoacuity was poor (>300s, e.g. Mazyn 2004), the stimuli presented 
in the experiments may not be sufficient to induce depth perception in stimuli 
presented stereoscopically. Although static stereoacuity has been proposed to be 
somewhat independent of stereo-motion acuity (e.g. Watanabe et al., 2006, 2008), 
poor stereoacuity could potentially confound results of our experiments, and so we 
recorded stereoacuity for all observers. 
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Graded circles4.2.2.1 
All observers’ stereoacuity was tested with the butterfly random dot stereogram 
test (Stereo Optical Co. Inc), which uses polarised stimuli and glasses to present 
binocular disparity. Figure 4.2 illustrates the test stimuli from the graded circle test, in 
which a depth discrimination response is required. Observers indicate which of the 
four circles appears to stand out in depth compared to the rest of the circles. Figure 
4.2b illustrates the perception of depth that occurs when viewing the stimuli with 
polarised glasses. The test requires depth discrimination judgements of progressively 
smaller relative binocular disparity values, testing discrimination from 800 down to 
Schematic illustration of graded circle stimuli. a) frontoparallel view of test Figure 4.2 
stimuli b) When viewed with polarised glasses, and disparity above threshold, the 
target circle appears to stand out from the background. Arrows indicate frontoparallel 
plane (x) and direction towards observer (z). Note, not to scale.
z
x
a) b)
103
4.. TTC General Methodology
40 seconds of arc. Figure 4.3 gives the frequencies of stereoacuity values (measured 
in seconds arc) for 47 of the naïve observers (32 female, 15 male). The remaining 
three observers’ results were inconclusive, yet evidence of stereo vision for these 
observers was apparent. The median stereoacuity threshold was 40 seconds arc for 
both male and female observers. As the majority of observers obtained the lowest 
threshold tested by this method, we also administered a TNO test, with stimuli 
containing relative binocular disparities ranging down to 15 seconds of arc. 
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TNO test 4.2.2.2 
The TNO test (Lameris Ootech BV, Nieuwegein) is a series of RDS presented as 
red-green anaglyphs. In each test, a circle with a segment missing is defined by 
binocular disparity information only (see figure 4.4). Observers are required to 
indicate whether the segment is missing from the top, right, bottom or left side of 
the circle. The relative binocular disparity between the background and the circle 
decreases with each successive stimulus in the test, ranging from 480 seconds 
of arc down to 15, therefore allowing us to test for a lower threshold than that 
obtained in the aforementioned graded circle test. When the task became difficult 
at lower disparity values, observers were encouraged to make their best guess, 
and the lowest disparity value at which they correctly identified the shape was 
taken as an approximation of their relative binocular disparity threshold. Figure 
4.5 plots the overall and within-gender frequencies of stereoacuity values for 
Schematic illustration of TNO stimuli. When viewed with red-green Figure 4.4 
anaglyph glasses, and disparity is above threshold, the target circle with missing 
segment appears to stand out from the background. In actual stimuli, all dots are 
similar in size, target dots in this diagram are coloured red, enlarged and given shadow 
to illustrate depth distinction only. Note, not to scale.
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the 41 naïve observers (26 female, 15 male) who underwent the TNO test. 38 of 
these naïve observers achieved thresholds of 120 seconds arc or below, and the 
median stereoacuity value for both males and females was 60 seconds of arc. 
TNO stimuli are quite different from those used in the graded circle test in the 
previous section, we therefore expected measures of threshold to vary between the 
tasks. The correlation between thresholds as measured by the two tasks was 0.7 
across the 41 observers for which we obtained both measures. We do not intend for 
the results of these tests to be used as experimental data, but as a way to identify 
observers with a normal range of stereoacuity, and who are able to perceive the 
depth information simulated by disparities in the presented stimuli. In this respect, 
all observers fell within an acceptable range, i.e. thresholds of ≤140s arc from either 
graded-circles or TNO task.
Stereoacuity thresholds from the TNO test. Total number given by bar-Figure 4.5 
chart and left y-axis. Frequency within gender group denoted by open diamonds 
(female) and solid squares (male), as defined by y-axis on right. Note, chance-level 
performance, where no threshold was obtained, is indicated by right-hand bar.
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Eye Dominance 4.2.3 
Eye dominance refers to the relative influence of input from each eye, and is often 
unbalanced in ‘normal’ observers (e.g. Reiss & Reiss, 1997). A measure of eye 
dominance was obtained for the 23 naïve observers  (16 female, 7 male) participating 
in experiments 3, 4 and 5. If eye dominance was particularly unbalanced, then 
the combination of binocular signals may be biased, and/or a dependence on 
monocular cues may have been developed, either of which would adversely affect 
our investigation of binocular information use.
The eye dominance test was designed within the lab (bespoke programme by H.T. 
Nefs), and consisted of a computer-presented red-green anaglyph viewed with red-
green lens glasses. One eye was exposed to a horizontal sinusoidal grating, and the 
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Right-eye dominance. Frequency of dominance values across naïve Figure 4.6 
observers. Total number given by bar-chart and left y-axis. Frequency as a percentage 
of gender group denoted by open diamonds (female) and solid squares (male), as 
defined by y-axis on right.
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other to a vertical grating. Each eye was presented with the horizontal grating on 50 
of 100 trials in a pseudo-random order. The observer was required to make a two-
alternative forced choice response by keyboard press as to whether they perceived 
the horizontal or vertical grating to be in the foreground. Responses were collected 
for 100 trials, and then repeated with the red-green glasses reversed. An estimate 
of eye dominance was calculated from the proportion of responses that selected 
the red grating when the red lens covered the right eye, E
R
, and when the red lens 
covered the left eye, E
L
:
[4.1]
Therefore, a value of 0.5 right eye dominance indicates equal dependence of both 
left and right eyes, values above this indicate right eye dominance, and values 
below 0.5 indicate left eye dominance. Figure 4.6 shows the frequency of right eye 
dominance values across all naïve observers (bars and left-hand axis), and within 
gender group (markers and right-hand axis). The median right eye dominance value 
was 0.48 for females, and 0.42 for males.
No observers were excluded from experiments based on their eye dominance 
measure. This data was collected for comparison with experimental findings, to 
control for the possibility that eye dominance might covary with task performance. 
However, throughout the series of TTC experiments, eye dominance was not found 
to be an indicator of performance or ability to complete the experimental task 
satisfactorily.
si = xi - Xi
tan α = Xi
Zi
xi =
d · Xi
Zi
Right eye dominance = 
ER + 1 - EL 
2
tan α = xi
d
tan α = I - Xi
Zi
tan α = si
d - Zi
si =
(d - Zi) · (I - Xi)
Zi
xi =
(d - Zi) · (I - Xi)
Zi
Xi +
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Apparatus4.3 
Stimuli were generated and presented in Xcode 3.0 on an Apple Macintosh computer 
(2x2.66 Dual-core Intel Xeon running OSX 10.5.2), and displayed on an 18inch 
CRT monitor (Iiyama Vision Master Pro 455) at a resolution of 1280x1024 pixels. 
CrystalEyes series 2 and 3 LCD-shuttered glasses were used to view stereoscopic 
stimuli, synchronised with the 85Hz refresh rate of the display to expose each eye 
alternately to a new image every 11.75ms. Stimuli were presented in a dark room to 
control for additional disparity, depth and size cues from the visual scene. The use 
of LCD-shuttered glasses under lit conditions produces a perceptible flicker as the 
lenses alternate in opacity, which can distract from the experimental task. Performing 
the task in an unlit room reduced this distraction. During experimental trials, the only 
available light was from the display. Head movements were minimised by the use of 
a chin rest placed 1.4m from the screen.
Stimuli4.4 
This section describes the stimuli in general terms that apply to all TTC experiments. 
For details of specific stimulus parameters, such as size and speed, please refer to 
the appropriate experimental chapter.
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Random-Dot Targets (RDT) 4.4.1 
RDT stimuli, used in the following experiments, require a similar generation method 
to RDS stimuli, but differ in some important features. In RDS stimuli, the form of 
the target is unavailable from monocular viewing, as the shape in depth is defined 
only by binocular information within the dot pattern. RDT stimuli, however, do not 
remove all monocular cues to form, depth and motion, as the boundary of the target 
is also defined by the boundary of the random-dot pattern. Figure 4.7 Illustrates a 
single half-image for an RDS stimulus and an RDT stimulus, with the RDS target 
pattern indicated by notional dashed lines - not present in the actual stimuli. It can 
be seen that the target in the RDS is indistinguishable from the background, whereas 
monocular viewing of the RDT yields the form of the target, as it is not embedded in 
a background pattern. We will use RDT to refer to sequences of random-dot patterns 
that produce apparent motion in depth.
Illustration of RDS and RDT stimuli. Dashed line indicates target in RDS, Figure 4.7 
this is included for clarity, but is not part of the stimuli.
RDS RDT
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Definition of ‘Simulation’4.4.2 
We use the term ‘simulated’ to refer to the intended appearance of the stimuli as 
defined by the generated visual information. For example, a target composed of a 
simulated circle of 3cm diameter at a simulated distance of 1.7m would subtend a 
visual angle of 1.01º. Therefore, to simulate this target via a screen at 1.4m, a target 
of 2.48cm diameter on the screen is required to produce the same retinal size (i.e. 
1.01º). To recreate the appropriate binocular disparity value for a simulated target at 
1.7m, the images of the target presented to each eye via a screen at 1.4m would also 
need to be horizontally separated by 1.14cm, with the target in the right eye image 
shifted 0.57cm to the right, and the target presented to the left eye shifted 0.57cm 
to the left. Hence, using these presentation values to generate stimuli on a screen 
at 1.4m simulates a 3cm disc at 1.7m. Therefore, manipulation of size changes (and 
disparity in binocular conditions) of an actual 2-D target presented on a static screen 
simulates motion in depth. This concept, and the geometry underlying stimulus 
presentation, should become more apparent from the explanation of ray-tracing in 
the following sections (4.4.3.3 and 4.4.3.4).
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Target Stimuli4.4.3 
The target simulated a circular pattern of dots that appeared to move towards 
the observer. Stimuli contained a patch of 60 red dots (2-3 pixels diameter, 1.3-
2.1 min arc), each randomly positioned within a circular boundary (size detailed 
in experimental chapters) at the centre of a black screen (see figure 4.8). Only the 
red CRT gun was used in order to minimise crosstalk in LCD-shuttered glasses; dot 
luminance was 1.7 cd/m2 when viewed through shutter-glasses, and background 
luminance was too low to measure. In each trial, the target stimulus appeared at the 
centre of the screen and approached the observer with a constant simulated speed 
on a trajectory directly toward the midpoint between the observer’s eyes. 
Schematic diagram of stimulus. Circular target surrounded by random-dot Figure 4.8 
reference surround. Note, not to scale. 
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2-D presentation of 3-D environments4.4.3.1 
The target stimuli simulate a frontoparallel disc of dots approaching the observer in 
depth. Figure 4.9 shows that any point I within this simulated object can be defined 
by co-ordinates Xi,, Yi and Zi in simulated 3-D space, with the midpoint between the 
observer’s eyes as the origin, (0, 0, 0). In order to attain 2-D screen co-ordinates (xi, 
yi) that correspond to this 3-D simulated object, a transformation of simulated co-
ordinates (Xi, Yi, Zi ) is required. Note, capital letters will be used to indicate values 
in 3-D simulated space (e.g. object size and distance), and lower-case letters will 
indicate the 2-D co-ordinates presented at the display screen that are used to deliver 
them (e.g. actual stimulus size and position on the screen).
Schematic illustration of co-ordinates. Simulated object and space denoted Figure 4.9 
by capital letters, on right of figure. Co-ordinates for stimulus presentation on the 
screen denoted by lower-case letters. Origin (0, 0, 0) at midpoint between the eyes 
(not shown). 
Screen Display
i: (xi , yi)
Simulated Object
I: (Xi , Yi, Zi)
y
Z
x
Y
X
i
I
Observer
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Ray-tracing was used to generate the 2-D screen co-ordinates from the simulated 
3-D co-ordinates. This retains the retinal angles of the simulated 3-D scene in the 
projection on the 2-D screen. The process may be likened to tracing a line from the 
viewpoint to each point on the simulated object, passing through the display screen 
that the object is to be presented on. Details and illustrations of this transformation 
are included below (sections 4.4.3.3 and 4.4.3.4), with regard to calculating the 
appropriate monocular and binocular on-screen co-ordinates to display the simulated 
approaching disc on a static 2-D display.
Monocular cues4.4.3.2 
All stimuli contained monocular looming information via the expanding border of the 
dot pattern (see sections 1.5.1 and 3.3.2 for reference to use of looming/expansion 
information). In addition to the global looming information from the border of the 
RDT, the configuration of the dot patterns themselves also contained monocular MID 
information. In section 3.4.1 we discussed the contribution of texture information 
to TTC judgement, and noted that the changes in spatial position between texture 
elements was more influential in TTC responses than the expansion of individual 
elements (Harris & Giachritsis, 2000, see section 3.4.1). Based on these findings, we 
presented observers with random dot patterns that expanded, with individual dots 
diverging radially from the centre of the stimulus, but remaining constant in visual 
size. Each dot in our stimuli was very small (≤ 2.1 min arc), and so the change in 
visual size of similar dots under normal viewing conditions would be negligible - less 
than 1 min arc. Therefore, we were able to simplify our stimuli (i.e. constant dot size) 
without compromising the necessary TTC information.
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Ray-tracing for one viewpoint4.4.3.3 
Figure 4.10 illustrates the procedure of ray-tracing a simulated, centrally located 
object in the frontoparallel plane, indicated by a solid black line. A single viewpoint 
is used, located at the origin (0, 0). As the apparatus is viewed from above in this 
figure, no y-axis values are shown. The figure and following description of the ray-
tracing transformation are defined only in terms of x- and z-axis co-ordinates for 
simplicity. However, transformation must also be applied to all y-axis co-ordinates in 
the same way to recreate the radial expansion of the simulated object. 
Ray-tracing for a single viewpoint. Viewed from above, therefore only x- Figure 4.10 
and z-axis co-ordinates given for simplicity. Simulated object denoted by thick black 
bar, points A and C denoted by black circles. Lines traced from the viewpoint (origin) 
to the screen through point A and in the midsaggital plane (dashed line) project to 
points a and c respectively, indicating the screen co-ordinates needed to simulate 
points A and C at distance Z1 via a display at distance d. Thick blue line denotes on-
screen stimulus.
A: (X1, Z1)
a: (x1, D)
Screen
α1
D
Z1
origin
(0, 0)
C: (0, Z1)
c: (0, D)
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The right-most point on the simulated object, A, has co-ordinates (X1, Z1). This point 
is used here for simplicity of illustration, but it can refer to any point within the 
simulated stimulus. The simulated distance in depth between the viewpoint and the 
simulated object is given by Z1. To present point A of the simulated object at depth Z1 
via stimuli on a screen at distance d, a line is traced from the viewpoint, through A, 
projecting to the screen at a, (x1, d). This ensures that the visual angle, α, subtended 
by the central point of the simulated object, C, and point A is equal to that subtended 
by the centre of the stimulus on the screen, c, and point a on the screen. 
To simulate an approaching object via a screen at a fixed distance, a ray-tracing 
transformation must be applied to all simulated object co-ordinates (Xi, Yi) to generate 
screen co-ordinates (xi, yi) on the screen for each simulated depth value (Zi). The 
required x-axis value of the point within the simulated 3-D space is known, Xi, as is 
the value of the simulated depth, Zi, this gives us the visual angle subtended by the 
central point of the object and Xi:
[4.2]
To recreate this visual angle on the screen at distance d, the value of xi must satisfy: 
[4.3]
Therefore:
[4.4]si = xi - Xi
tan α = Xi
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Zi
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Ray-tracing for two viewpoints4.4.3.4 
Both looming and binocular disparity information can be incorporated into 
stereoscopic stimuli by a transformation in the x-axis for each point within the 
simulated object, Xi, to a point on the screen, xi, for the half-images presented to 
each eye. This process is illustrated in figure 4.11 for a single point on a simulated 
Ray-tracing for two viewpoints. Viewed from above, therefore only x- Figure 4.11 
and z-axis co-ordinates given for simplicity. Simulated object represented by thick 
black line, presented on-screen stimulus represented by thick blue line. The dotted 
line shows X1 for all Z values, and is therefore parallel to the midsaggital plane (dashed 
line). The angle subtended by the dotted line and the visual line to point B is α, this 
can be used to find the x-axis separation between X1 and x1 (s1) in order to simulate 
point B via on-screen stimulus point b. 
I
Screen
d
Z1
B: (X1, Z1)
b: (x1, d)
s1
Origin
(0, 0)
α
α
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object (solid black line) viewed by the right eye. The midpoint between the two eyes 
is the origin (0, 0), and I refers to the x-axis co-ordinate of the viewpoint. Point B in 
figure 4.11 denotes the edge of the simulated object for simplicity of illustration, but 
each point within the simulated object must be transformed. Tracing a line from the 
viewpoint, (I, 0), through point B to the screen gives us the corresponding location 
on the screen of the presented stimuli, b, (x1, d). The difference in x-axis co-ordinates 
between the point on the simulated object (e.g. B) and the location of the transformed 
point on the screen (e.g. b) is denoted by si.
[4.5]
When the co-ordinates of the point on the simulated object, (Xi, Zi), and the 
viewpoint, (I, 0), are known, then the angle subtended by the line of sight to the 
point to be transformed and the line perpendicular to the point (dotted line in figure 
4.11) can be calculated:
[4.6]
Using the distance of the display from the observer, d, we can also define tan α in 
terms of si :
[4.7]
Rearranging equation 4.7 and substituting from equation 4.6 gives si in terms of 
known values:
[4.8]
Substitution from equation 4.5 then gives xi , the x-axis co-ordinate of the point 
presented on the screen:
[4.9]
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This transformation is applied to all x-axis co-ordinates of the simulated object for 
the right eye viewpoint to generate on-screen co-ordinates that produce the visual 
angles subtended by the simulated 3-D object. co-ordinates for the y-axis should 
be transformed only for looming information as in single viewpoint transformation 
section 4.4.3.3. The transformation for the left eye viewpoint is calculated similarly.
Fixation4.4.4 
All target stimuli were preceded by a central fixation cross (1-4cm, 0.33-1.64º) and 
nonius lines (0.3-0.4º long) presented above and below the cross for a duration of 
3 seconds. These were given a disparity value corresponding to the initial simulated 
distance of the target only when disparity was present in the target stimulus. 
Otherwise, the cross and nonius lines appeared centred at the depth of the screen. 
For monocular conditions, fixation was presented to the tested eye only. A fixation 
period allowed observers to ready themselves for the onset of the stimuli, and attend 
to the point of the screen that contained the most target stimulus information.
After repetitive presentation of stimuli that appear to approach the observer, it is 
possible that a motion after-effect could occur. Adaptation to looming stimuli can 
affect the perception of subsequent stimuli, diminishing sensitivity to motion in the 
adapted direction (Gray & Regan, 1999). For example, static test stimuli appear to 
move in the opposite direction of the adapting stimulus, and test stimuli moving 
in the same direction as the adapting stimulus appear to move more slowly. If 
this motion after-effect should occur whilst observers viewed our stimuli, then the 
perceived TTC of target stimuli could increase over blocks of trials. Pilot studies of 
the presentation duration of the static fixation cross indicated that a 3 second delay 
between trials was sufficient to remove any motion after-effects.
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Reference Information4.4.5 
Both fixation and target stimuli were presented within a rectangular reference frame 
of randomly placed dots, identical in size and luminance to those in the target 
stimulus, and at the same density (see figure 4.8). The random dot reference was 
presented at the plane of the screen (1.4m from observer) from fixation onset to 
target stimulus offset. It measured 10.6º  (26cm) wide and 6.9º (17cm) tall at outer 
edges, and was 1º (2.5cm) thick.
Procedure4.5 
General Procedure4.5.1 
In the initial session with each observer, they were required to read an information 
sheet and give informed consent to participate (see appendices A.5 and sub-sections). 
Acuity tests and other aforementioned measurements were also taken (see section 
4.2). All observers completed practice blocks without feedback to gain familiarity 
with the task. These results were not pooled with subsequent data for analysis. Upon 
leaving the experiment, all observers were presented with a debrief sheet, which 
outlined the goals of the study and the rationale (see appendix A.5.3).
Two different experimental tasks were employed to test TTC judgements, an absolute 
judgement task, and a comparison judgement task. For both task types, each block 
of trials presented the full range of condition combinations for their respective 
experiment at least once, and in a pseudorandom order (for details of conditions see 
experimental chapters).
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Absolute Judgement Task4.5.2 
Figure 4.12a illustrates the presentation procedure of the absolute judgement task. 
Observers pressed a computer keyboard key to initiate trials, this triggered the onset 
of the fixation stimulus, which remained on the screen for 3 seconds. The target 
stimulus then appeared and simulated approach (presentation durations detailed 
in experimental chapters), followed by a blank screen. Observers were required to 
press a keyboard key at the instant at which they perceived the target stimulus would 
have contacted them. No limits were set on response time.
Stimulus trial presentation order. Schematic illustration of presentation Figure 4.12 
sequence for (a) absolute judgement tast and (b) comarison judgement task. Timing of 
each stage detailed in appropriate experimental chapters.
Fixation Stimulus Blank Screen Response
 
Fixation Target stimulus Blank Flash Response
a) Absolute judgement task
b) Comparison judgement task
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Comparison Judgement Task4.5.3 
In the comparison judgement task, trial initiation, fixation and stimulus onset and 
offset were as described for the absolute estimation task. However, the offset of 
the target stimulus was followed by a variable interval before the presentation of a 
comparator flash (see figure 4.12b).  Details of the timing of the flash varied between 
experiments, and are described in the relevant experimental chapter. Using a single 
interval, 2-alternative forced choice procedure, observers were required to indicate 
by keyboard key-press whether the approaching stimulus would have contacted 
them before or after the comparator flash, had it continued in its trajectory. No limit 
was placed on response time, but observers generally responded immediately after 
the flash.
Analysis4.6 
Here, we give an overview of the analyses performed on the collected data. All 
experimental data were tested for group effects, and for effects on individual 
observers. We included within-subjects comparisons due to the substantial individual 
differences reported in previous TTC research (e.g. Schiff & Detwiler, 1979;), and our 
own investigations on the use of CD and IOVD information in experiment 1. This 
allowed us to investigate the relative differences between conditions within a single 
observer’s responses, using their own data for baseline comparison. All statistical test 
results were appropriately Bonferroni-corrected.
As well as recording mean average TTC estimates, we also report both the systematic 
error and random error in responses. Systematic error refers to the accuracy of 
estimates, and is measured by the difference between the estimated and simulated 
TTC values, which is presented as a percentage of the simulated TTC. Random error 
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gives the precision of responses, and is measured here by the standard deviation of 
estimates from the mean, also reported as a percentage of the simulated TTC. We use 
percentage measures instead of seconds in order to facilitate comparison between 
different simulated TTCs of our own, and of previous, experimental findings.
First, we describe the statistical tests applied to the data from experiment 2, 
the absolute judgement task. We then summarise the analyses performed on 
the comparison judgement task data in experiments 3, 4, 5 and 6. More specific 
descriptions pertaining to particular experimental conditions are included in the 
relevant chapters.
Absolute Judgement Task4.6.1 
TTC estimates were recorded and averaged for each unique stimulus, giving a mean 
average and standard deviation of TTC estimates. To investigate the group effects 
of conditions, responses were averaged across observers and compared in pairwise 
t-tests. Within-subjects correlations and t-tests were also performed on the data to 
test for significant effects of conditions.
In order to test for a relationship between simulated (presented) and estimated 
(recorded) TTC, a linear regression was performed. This analyses the relationship 
between the two variables, and can indicate the probability of this relationship 
occurring by chance. A statistically significant relationship between these two 
variables supports the assumption that observers modulated their estimates of TTC 
in response to the simulated TTC, and therefore, that the TTC information provided 
by the stimuli was adequate for the observer to perform a TTC-based response. 
Conversely, the absence of such a relationship implies that observers were not 
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responding purely to TTC information, but may have responded randomly, used a 
response strategy, or utilised other information in available in the stimuli.
To analyse the effect of other variables, including speed, initial distance and overall 
change in distance, we investigated their relationship with the TTC estimates given 
by observers. Data were inspected for indications that the measured variable had a 
predictable effect on estimated TTC, but no statistical tests were performed in these 
analyses.  
Comparison Task4.6.2 
Observer responses were tabulated with regards to the percentage of trials for 
which the observer judged that the target stimulus would have hit them before the 
flash occurred (henceforth referred to as ‘before’ response). The proportion of trials 
PSE from Comparison task data. The percentage of ‘before’ responses is Figure 4.13 
plotted against the onset-flash time and fitted with a cumulative Gausian curve. The 
PSE is the projected onset-flash time that obtains 50% ‘before’ responses.
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eliciting ‘before’ responses were plotted against the time between stimulus onset 
and comparator flash (onset-flash time), and fit with a cumulative Gaussian curve, 
as illustrated in figure 4.13. The curve was fitted using a bespoke Matlab script 
(‘psychofit’, script by H. T. Nefs), which reduces sums of squares via the Levenberg-
Marquardt method. Theoretically, the onset-flash time that elicits ‘before’ responses 
in 50% of the trials indicates the perceived simultaneity of contact and flash. This 
point of subjective equality (PSE) therefore indicates the average TTC estimate for 
the presented stimuli. Data was also subjected to a Monte-Carlo simulation of 
1,000 throws, to obtain simulated PSEs and the standard deviation of PSEs for each 
stimulus. 
To compare group effects of conditions, observers’ data were subjected to a 
repeated-measures ANOVA test. PSEs were also compared across conditions within 
individual observers’ data by z-tests. Where response variability was high, the fits of 
the cumulative Gaussian curves could not be taken to reliably represent the pattern 
of responses. This was judged by a PSE standard deviation of 3s or more. Also, if 
PSEs lay beyond the tested range of the stimuli (i.e. at a time shorter/greater than the 
shortest/longest onset-flash time), then they are extrapolations from the data and 
cannot be compared directly with PSEs within the tested range. 
Regression analysis was performed for comparison judgement tasks as for the absolute 
judgement task (described in section 4.6.1), to investigate the (potential) relationship 
between estimated and simulated TTCs. However, the number of simulated TTCs 
used in these experiments was between 1 and 3, unlike the multiple simulated 
TTCs employed in experiment 2. This limits the power of statistical regression tests, 
especially as the variance of TTC estimates is not incorporated into the calculation. 
Binocular Vision and 3-D Motion Perception
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In general, analyses tend to converge toward the underlying population values and 
increase in statistical power as the sample size increases. Conversely, small sample 
sizes can lead to erroneous conclusions. Therefore, we report only those regression 
analyses performed for data containing 3 simulated TTCs as an indication of the 
relationship between estimated and simulated TTCs. 
Data were included in analyses only when observers showed that they were able 
to complete the task reliably, and make judgements based on TTC information (as 
opposed to implementing a strategy based on the timing of stimulus presentation, 
for example). The tests for this vary depending on the available data, and so will be 
detailed in the appropriate experimental chapters.
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Absolute TTC Task5. 
Introduction5.1 
This experimental chapter explores whether binocular information influences TTC 
estimation via a prediction-motion task. The stimuli simulated motion towards the 
observer and disappeared at some point in its trajectory. Observers then indicated 
when they thought the stimulus would have contacted them, had it continued along 
its trajectory. The monocular and binocular visual information used to simulate 
motion-in-depth (MID) was manipulated to allow comparison of their relative effects 
on TTC estimation.
Aims5.1.1 
As outlined in the general TTC introduction (section 3.6), our overall aim was to 
examine and compare influences of CD and IOVD information on TTC judgements. 
The availability of CD and IOVD information can be manipulated in random-dot 
stereogram (RDS) stimuli, as discussed in the general introduction (section 1.6). 
However, stereo random-dot target (RDT, see section 4.4.1) stimuli have seldom 
been used to study TTC perception, and so it is important to firstly ensure that TTC 
tasks can be performed using RDT stimuli, and that they are sufficient to evoke an 
influence of binocular information on TTC judgements as other stimuli have done in 
previous literature (e.g. Gray & Regan, 1998; Heuer, 1993). 
Random-Dot Targets (RDT)5.1.2 
The differences between random-dot target (RDT) stimuli and random-dot stereogram 
(RDS) stimuli were addressed in the general TTC methods chapter (section 4.4.1). 
RDS are frequently used to isolate the effects of binocular cues, as they can be 
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manipulated to remove monocular cues. They have been used to investigate a range 
of MID variables, including stereomotion speed perception (Brooks and Stone, 2004), 
and detection and direction discrimination thresholds of MID (Sumnall and Harris, 
2002). As stated in chapter 1, Erkelens and Collewijn (1985a, 1985b) and Regan 
et al. (1986) found that, in order to reliably perceive MID in RDS stimuli, relative 
information was required. Therefore, In order to present observers with RDT that 
appeared to move toward them in a TTC task, it was similarly necessary to include 
static reference information. Indeed, in the real world, MID of objects usually occurs 
in the presence of stationary reference information. 
A notable difference between RDS stimuli and the RDT stimuli employed throughout 
our experiments, is that all RDT stimuli presented here contained looming 
information from the boundary of the random dot pattern. We have previously noted 
the influence of looming information, and its effect on the use of binocular MID 
information (sections 1.5.2, and 2.1.2). In our stimuli, looming information always 
indicated MID, and we explored the effects of adding in/congruent binocular TTC 
information to the looming boundary information. Therefore, if observers’ responses 
were based solely on looming information from the stimulus boundaries, we would 
expect to find no difference in responses across conditions, regardless of dot pattern 
manipulations. This possibility is explored in results section 5.2.2 below.
Biocular Stimuli5.1.3 
In their comparison of binocular and monocular information used for estimating TTC, 
Gray and Regan (1998) presented a condition that they referred to as ‘monocular 
information alone’. However, as mentioned in section 3.5, stimuli in this condition 
were presented biocularly, i.e. both eyes viewed identical images, as one would 
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view a TV, as opposed to monocular viewing in which only one eye is presented 
with the stimulus. Under biocular viewing conditions, there are no differences 
between the two eyes’ images that indicate MID, both binocular disparity and 
vergence indicate that the stimulus is stationary, and there is no difference in velocity 
presented to the two eyes. This generates a cue conflict between monocular and 
binocular information; the lack of change in disparity or difference in inter-ocular 
velocities indicates that the object is stationary, while the looming information signals 
MID. When stimuli are viewed with only one eye, this conflict is absent, as neither 
disparity nor inter-ocular velocity differences can be calculated. If the cue conflict 
in biocular stimuli influences TTC estimation, then measures of estimates taken with 
biocular stimuli may not necessarily represent TTC estimates when only monocular 
information is present. However, biocular presentation of monocular cues is common 
in TTC research (e.g. Gray and Regan, 2006; DeLucia & Warren, 1994).
We have found no literature that makes direct and explicit within-subjects 
comparisons of TTC estimates from biocular and monocular stimuli. Gray and Regan 
(1998) report findings of similar errors from biocular and monocular stimuli in a 
‘subsidiary experiment’, yet neither the methodology nor data from this experiment 
are detailed. DeLucia (1999) reported that the size-arrival effect - where the larger 
of two objects appears to have the shorter TTC, was robust across monocular and 
biocular viewing conditions in an active collision-avoidance task, with no statistically 
significant effect of viewing condition. Yet, responses were compared between 
groups of observers (half presented with monocular, half with biocular), which the 
authors concede may have affected the outcome of the results.
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As this thesis investigates the influence of binocular information on MID perception, 
it is appropriate to study the effects of both congruent and incongruent binocular 
information. We can then test the implications of the assumption that responses 
to biocular stimuli represent the use of only monocular information, despite the 
presence of conflicting binocular information.
Experiment 2: Binocular Information Use in TTC Estimation5.2 
We compared data from three viewing conditions to explore the effects of binocular 
information on TTC estimates from RDT stimuli. 1) Combined-cue stimuli - congruent 
monocular and binocular motion cues; 2) Biocular stimuli - incongruent monocular 
and binocular motion cues; 3) Monocular stimuli - only monocular motion cues 
available. If the visual system is able to make use of the available binocular cues to 
influence TTC estimates, then we would expect to find differences between estimates 
made under these conditions.
As described in the TTC introduction chapter (sections 3.4.2 and 3.4.3), previous 
research by Gray and Regan (1998), Heuer (1993) and Rushton and Wann (1999) 
indicates that binocular information can affect TTC estimation. However, these 
studies differ in their findings of the direction of influence, that is, whether 
binocular information biases estimates towards being shorter or longer than those 
from monocular information. Therefore, we made no prediction of the direction 
of differences between conditions, only that there would be an effect of binocular 
information on TTC estimation.
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Methods5.2.1 
The methodology was as described in the general methodology chapter (ch.4), 
according to absolute judgement task procedure (section 4.5.2). We describe below 
the parameters specific to this experiment.
Observers5.2.1.1 
Four lab members (including author; 3 female, 1 male) participated in this study. All 
had normal, or corrected to normal, vision and were experienced in stereoscopic 
psychophysical tasks.
Stimuli5.2.1.2 
The target stimuli simulated a circular dot patch of 2cm diameter (0.82º at a distance 
of 1.4m), comprised of 80 red dots (2-pixel2, 1.4 x 1.3 min arc). The size of the target 
was large enough so that both monocular and binocular information were able to 
influence TTC in accordance with previous literature (Gray & Regan, 1998). The 
reference frame consisted of 600 dots of the same size and luminance as target dots 
and had a similar average density to the target. The reference remained at the depth 
of the screen (1.4m) throughout stimulus presentation.
Three viewing conditions were presented to observers: combined-cue, biocular and 
monocular (tested with both left and right eyes). The combined-cue stimuli were 
generated using the two-viewpoint ray-tracing method outlined in the general 
methods chapter (section 4.4.3.4), incorporating both looming and positional 
information for the left and right eyes’ viewpoints. Combined-cue stimuli therefore 
contained CD, IOVD and monocular cues to TTC.
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The biocular stimuli were generated as if viewed from a single location, midway 
between the two eyes - stimuli for both eyes was generated using the single viewpoint 
ray-tracing transformation outlined in the general methods chapter (section 4.4.3.3). 
Both eyes viewed a looming target that remained centrally positioned within the 
screen, i.e. with no lateral motion component. Therefore these stimuli contained cue 
conflict between binocular and monocular cues to TTC: looming, but no change in 
disparity or differences between inter-ocular velocities. 
The monocular stimuli presented a single eye’s view of the combined-cue stimuli, so 
that the ray-tracing transformation incorporating looming and position information 
was performed only from the appropriate eye’s viewpoint. This presented the tested 
eye with an expanding target that moved laterally across the screen. This condition 
therefore presented looming and lateral motion information in the absence of 
binocular information.
To control for the use of other variables, speed, presentation duration and final 
distance were counterbalanced. Stimuli were generated using one of three possible 
values for each of these factors. Speed could take the value of 42.5cm/s, 32.5cm/s 
or 22.5cm/s, duration was 0.8s, 1s or 1.27s, and final distance took values of 
123cm, 128cm or 133cm. This gave a total of 108 unique stimuli (4 different visual 
information conditions, 3 speeds, 3 presentation durations and 3 final distances) 
presented in a pseudo-random order. The full list of stimulus parameters manipulated 
in this experiment are given in appendix A.6.
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Manipulating speed, presentation duration and final distance allowed us to examine 
their influence explicitly, so that responses based on these factors could be identified 
(see results section 5.2.2.5). Simulated TTC was determined by the combination 
of these values, and ranged between 3.7s and 7.2s from the onset of the target 
stimulus. 
Procedure5.2.1.3 
A prediction-motion task was employed whereby observers were presented with 
an approaching disc of dots that disappeared at some point along its trajectory (e.g. 
Schiff and Detwiler, 1979; Heuer, 1993). Observers were then required to press a 
button at the time at which they judged the stimulus would have contacted them, 
had it continued along its trajectory. Each trial began with presentation of a fixation 
cross for 4 seconds at the onset location of the target stimulus. This allowed observers 
to attend the relevant portion of the screen, ensured that they were prepared for 
stimulus onset, and reduced potential effects of the motion-after effect. Observers 
sat 6 blocks of 108 trials each (except observer BC, who sat 4 blocks).
Prior to data collection, each observer was given 3 training blocks in which they 
observed combined-cue stimuli approach for 1.2s before disappearing. A full-screen 
flash then occurred at the simulated TTC, and the observer was asked to press the 
keyboard button as closely as possible to the time at which the flash occurred. 
This was implemented to give observers a point of reference for the simulated 
TTC and to reduce the time taken to familiarise with the task. The entire range of 
combined-cue stimuli (27 unique stimuli) was presented in random order to expose 
observers to both monocular and binocular TTC cues. Feedback was given only by 
the comparator flash, no additional feedback was given. Programming errors led to 
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training flashes occurring at half the simulated TTC. The possible effect of this error 
is addressed in the discussion section of this chapter (section 5.3.2).
Analysis5.2.1.4 
The time of button press was averaged across the six blocks for each of the 108 
stimuli, yielding a mean average TTC estimate and standard deviation for each 
combination of stimulus variables for all four observers. A linear regression was 
performed to investigate the relationship between estimated TTC and the simulated 
TTC, and statistical t-tests were performed on both grouped and individual data, 
with the appropriate Bonferroni-corrections. 
Results5.2.2 
The aim of this experiment was to explore the influence of binocular information 
on TTC judgement. We presented observers with three types of viewing conditions: 
1) Combined-cue condition containing congruent monocular and binocular TTC 
information, 2) Biocular condition, in which monocular information indicated TTC, 
but binocular information indicated no motion, 3) Monocular condition in which 
only one eye was presented with monocular looming information. We compared 
TTC estimates made under each condition to examine the effect of adding congruent 
or incongruent binocular information to monocular TTC information. T-tests showed 
that there were no significant differences between responses from left and right eye 
monocular conditions for any observer (p > 0.5 between left and right mean average 
responses), and so these data were pooled for further analyses.
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First, we describe the group data, and give an overview of the estimates obtained in 
the experiment. We then address the within-subjects effects of viewing condition in 
a pairwise manner. Following this, we assess the potential effects of simulated speed, 
presentation duration and total change in distance on observers’ responses.
Group Effects5.2.2.1 
Figure 5.1 plots the average TTC estimates from the group against simulated TTC for 
combined-cue, biocular and monocular stimuli. As can be seen in figure 5.1, the 
combined-cue condition yielded shorter estimates than either biocular or monocular 
conditions. This was confirmed by pairwise t-tests of the group data (p < 0.01). Yet 
estimates under biocular and monocular cues were very similar (p > 0.5).
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Group average TTC estimates. Group averages plotted against simulated Figure 5.1 
TTC for combined-cue (red squares), biocular (blue diamonds) and monocular (green 
triangles) stimuli. Dashed line indicates veridical estimates.
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The vast majority of TTC responses were underestimates, with systematic 
error increasing with simulated TTC. Three of the four observers consistently 
underestimated TTC, this is shown in figures 5.2 which plots the data for each 
observer separately. Observer AA underestimated TTC by 6-57% (average 34.5%), 
BA by 7-57% (average 34.5%) and observer BB by up to 53% (average 30.1%). T-tests 
showed significantly biased TTC estimates across all visual information conditions for 
these three observers, with all estimates differing significantly from simulated TTC 
(p < 0.001). Regression of estimated TTC against simulated TTC showed a highly 
significant increase in estimates with simulated TTC for all viewing conditions for 
observers AA, BA and BB (p < 0.01). This suggests that these observers modulated 
response as a function of simulated TTC, and were able to make use of TTC 
information, despite large systematic errors. 
The remaining observer, BC, did not show a significant change in estimated TTC 
with simulated TTC for any viewing condition (p > 0.05), as is evident from figure 
5.2. Observer BC also showed large random error in responses to the same stimulus 
combinations across blocks of trials, with standard deviation values of between 11% 
and 135% of the simulated TTC. Due to the lack of coherence of observer BC’s 
responses, we do not analyse them for effects of viewing condition, but they are 
analysed for effects of simulated speed, presentation duration and total change in 
distance of the stimuli (section 5.2.2.5 below). Subsequent results pertaining to the 
effect of binocular information are described for observers AA, BA and BB only.
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Combined-cue vs. biocular conditions5.2.2.2 
Combined-cue stimuli contain congruent monocular and binocular information for 
MID, but biocular stimuli incorporate monocular information indicating approach of 
the target, as well as binocular information that signals no MID. Therefore, differences 
in TTC estimates between these conditions would suggest a role for binocular 
information. For example, if observers use only monocular looming information 
to judge TTC, then we would expect no difference between combined-cue and 
biocular condition results, as both contain the same monocular information to TTC. 
However, if observers are able to utilise binocular information in TTC estimation, 
then we would expect this to be demonstrated by differences between responses 
from combined-cue stimuli, which contain binocular information that indicates 
the same TTC as the monocular information, and biocular stimuli, which contain 
binocular information that is contrary to the monocular TTC information. Consistent 
with the use of binocular information, much shorter estimates were obtained in the 
combined-cue condition than the biocular condition across the range of simulated 
TTCs, as shown in figure 5.3a. Within-observer t-tests confirmed that this difference 
was highly significant for all three observers (p < 0.001).
Observers’ estimates were also more precise for the combined-cue condition, 
yielding lower standard deviations than biocular stimuli, as shown in figure 5.3b. 
This difference in random error reached statistical significance for observers AA and 
BA (p < 0.001), but not for observer BB (p >0.9). 
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Comparison of combined-cue and biocular data. a) Average TTC Figure 5.3 
estimates plotted against simulated TTC for combined-cue (red squares) and biocular 
(blue diamonds) conditions. b) Average standard deviation across the 27 estimates 
obtained for both combined-cue (red, left) and biocular conditions (blue, right) for 
each observer. 
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Comparison of combined-cue and monocular data. a) Average TTC Figure 5.4 
estimates plotted against simulated TTC for combined-cue (red squares) and 
monocular (green triangles) conditions. b) Average standard deviation across the 
27 estimates obtained for both combined-cue (red, left) and monocular conditions 
(green, right) for each observer. 
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Combined-cue vs. monocular conditions5.2.2.3 
These conditions differ in the availability of binocular cues, not the congruence 
between monocular and binocular cues. Differences in performance between 
these conditions can indicate the effect of adding congruent binocular information 
to monocular TTC cues. The three observers yielded longer TTC estimates under 
monocular viewing conditions than for combined-cue stimuli, as shown in figure 
5.4a. This difference was statistically significant for all three observers (p < 0.001).
Observers’ combined-cue condition estimates were more precise across testing 
blocks than for monocular stimuli, shown in figure 5.4b. Again, this difference was 
highly significant for observers AA and BA (p < 0.001), but not for observer BB (p > 
0.9).
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Biocular vs. monocular conditions5.2.2.4 
The comparison of performance between biocular and monocular conditions can 
highlight the effects of lateral motion available in the monocular and combined-
cue conditions. It also examines the effect of cue-conflict that exists in biocular 
stimuli. The three observers showed different trends in comparisons of biocular and 
monocular condition data, plotted in figure 5.5a. Observer BA gave significantly 
shorter TTC estimates in the biocular condition than under monocular viewing 
conditions (p < 0.001). Observer BB showed significantly shorter TTC estimates 
under monocular conditions (p < 0.001), and observer AA showed no significant 
differences between biocular and monocular condition responses (p > 0.7).
Comparison of Biocular and monocular data. a) Average TTC estimates Figure 5.5 
plotted against simulated TTC for biocular (blue diamonds) and monocular (green 
triangles) conditions. b) Average standard deviation across the 27 estimates obtained 
for both biocular (blue, left) and monocular conditions (green, right) for each 
observer. 
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There was a trend for greater precision (i.e. lower standard deviation across estimates) 
in the biocular viewing condition than in the monocular condition, as shown in 
figure 5.5b, yet this did not reach significance for any observer (p > 0.1). 
Potential response factors5.2.2.5 
We investigated the effects of simulated speed, presentation duration and overall 
change in distance, to examine whether observers’ TTC estimates were influenced by 
these factors. We included observer BC in this analysis to test whether these factors 
could account for their data.
Simulated speed5.2.2.5.1 
The simulated speed of stimuli was counterbalanced across three values, but was 
strongly inversely correlated with simulated TTC (-0.96). If observers responded 
veridically to simulated TTC, then we would expect to see patterns of results like 
those shown in figure 5.6a (over page). Here, we illustrate a possible pattern of 
responses that coincide with the simulated TTC, as an example of what we would 
expect to obtain from veridical performance (i.e. TTC estimate = simulated TTC). 
These TTC responses are plotted against simulated speed, and displaced horizontally 
within each speed condition to illustrate decreasing simulated TTC. If, however, 
observers responded solely on the basis of simulated speed, then we would expect 
to find patterns of data similar to the example data in figure 5.6b. This response 
strategy would result in the clustering of estimates within each speed condition, 
with no systematic change in estimated TTC with simulated TTC within the speed 
conditions, and with clear differences in estimated TTC between speed conditions. 
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Figure 5.7 plots the data for all four observers using the same axes as in figure 5.6. 
As we have already stated (section 5.2.2.1), no observers responded veridically, i.e. 
no observer exhibited the pattern of responses illustrated in figure 5.6a. However, for 
all observers and conditions, it can be seen that TTC estimates varied within each 
speed value, and there was no clear separation in estimates between the different 
simulated speed conditions - unlike the pattern of data in figure 5.6b. Therefore, 
simulated speed was not the sole factor used to make responses.
Potential response patterns across speed conditions. TTC estimates Figure 5.6 
plotted for the three simulated speeds of stimulus approach. a) Example of veridical 
TTC responses b) Example of expected response pattern if based solely on simulated 
speed. Both figures include horizontal separation within speed condition to indicate 
decrease in simulated TTC (not to scale). Note, examples only, not actual data.
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Estimated TTC and speed. Estimated TTC plotted for the three speeds Figure 5.7 
of stimulus approach for each observer. Results separated by viewing condition: 
combined-cue (red squares, left), biocular (blue diamonds, centre), and monocular 
(green triangles, right). Estimates are displaced horizontally within viewing conditions 
to denote decreasing simulated TTC.
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Stimulus presentation duration5.2.2.5.2 
Three presentation durations of target stimuli were used in the experiment, 0.8s, 1s 
and 1.27s, which were only very weakly correlated with simulated TTC (0.17). The 
same procedure as applied to investigate effects of simulated speed was applied 
to presentation duration. Figure 5.8 plots two examples of TTC estimate patterns 
against stimulus presentation duration, with horizontal separation of points within 
each presentation duration condition to signify increasing simulated TTC. Figure 5.8a 
plots veridical TTC estimates (i.e. equal to simulated TTC), and figure 5.8b illustrates 
an example of the type of response pattern expected if responses were based on 
presentation duration alone. This is typified by a lack of variation within presentation 
duration values, and differences in estimates between the different duration values.
The data, shown in figure 5.9, indicate that responses were not based solely on 
presentation duration. As with the simulated speed data, there is a large range of 
estimates within each duration condition, and little difference between estimates for 
the different duration conditions.
Potential response patterns across duration conditions. Estimated TTC Figure 5.8 
plotted against duration condition, and laterally separated within duration condition 
to indicate increasing simulated TTC (not to scale). a) Veridical TTC estimates. b) 
Example of expected response pattern if based solely on stimulus duration.  Note, 
examples only, not actual data.
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Estimated TTC and presentation duration. Estimated TTC plotted for the Figure 5.9 
three stimulus durations for each observer. Results separated by viewing condition:: 
combined-cue (red squares, left), biocular (blue diamonds, centre), and monocular 
(green triangles, right) conditions. Estimates are displaced horizontally within duration 
conditions to denote increasing simulated TTC (not to scale).
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Initial distance5.2.2.5.3 
The initial distance of the stimulus (i.e. distance at stimulus onset) was determined by 
the combination of the three values of simulated speed, presentation duration and 
final distance. Figure 5.10 gives examples of two possible patterns of TTC estimates 
plotted against initial distance, the first of which presents the pattern of responses 
expected from an observer that responds veridically to simulated TTC (figure 10a). 
The second, figure 5.10b, illustrates the type of pattern expected if an observer 
based their responses solely on initial distance, with shorter initial distances leading 
to shorter TTC estimates.
Potential response patterns across initial distance. Estimated TTC plotted Figure 5.10 
against duration condition a) Veridical TTC estimates (i.e. estimates equal simulated 
TTC). b) Example of expected response pattern if based solely on initial simulated 
distance. Simulated TTC not indicated explicitly due to overlap across initial distance. 
Note, examples only, not actual data.
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The actual data for our four observers is plotted in figure 5.11. It can be seen that 
no observer yields patterns of responses that are veridical, and no observer bases 
responses solely on the initial distance of the stimulus.
Estimated TTC and initial distance. Estimated TTC plotted against Figure 5.11 
initial stimulus distance for all observers. Results separated by viewing condition:: 
combined-cue (red squares, left),  biocular (blue diamonds, centre), and monocular 
(green triangles, right). Estimates are displaced horizontally within viewing conditions 
to differentiate initial distance values (note, not simulated TTC as in previous figures).
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Change in distance5.2.2.5.4 
The overall change in distance of the stimuli (i.e. difference between initial and 
final distances) was not controlled for in the experiment, but was determined by 
the combination of simulated speed, presentation duration and final distance. Figure 
5.12 shows two examples of possible TTC estimate patterns when plotted against 
change in distance. If observers based responses only on the simulated TTC, then we 
would expect a pattern of responses like that shown in figure 5.12a, with no simple 
relationship between TTC estimates and change in distance. However, if observers 
did use this information to make responses, then we might obtain a pattern like that 
in figure 5.12b, in which TTC estimates are well-predicted by the change in distance.
Potential response patterns across change in distance. Estimated TTC Figure 5.12 
plotted against change in distance (i.e. final distance minus initial distance). a) 
Veridical TTC estimates. b) Example of expected response pattern if based solely on 
change in simulated distance. Simulated TTC not explicitly indicated. Note, examples 
only, not actual data.
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Figure 5.13 shows the actual response patterns obtained from the observers. It can be 
seen that, although observers do not make veridical estimates, no observer shows a 
consistent relationship between TTC estimates and change in distance. This indicates 
that no observer based their responses solely on change in distance. 
Overall change in distance and estimated TTC. Estimated TTC plotted Figure 5.13 
against change in distance for all observers. Results separated by viewing condition:: 
combined-cue (red squares, left),  biocular (blue diamonds, centre), and monocular 
(green triangles, right). Estimates are displaced horizontally within viewing conditions 
to denote change in distance.
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Discussion5.3 
Effects of Visual Information5.3.1 
Inclusion of binocular information5.3.1.1 
Observers gave the shortest TTC estimates under the combined-cue condition, 
however, they were also the least accurate, being largely underestimated (see 
figure 5.2, p.154). Similarly, Heuer (1993) found that combined-cue stimuli led to 
the shortest TTC estimates (in comparison with biocular and binocular information 
only conditions), but that these were not always the most accurate. Gray and Regan 
(1998) also reported shorter TTC estimates for combined-cue than biocular stimuli, 
but with much smaller systematic errors in TTC under the combined-cue condition 
(1.3% - 2.7% compared to 2% - 12% from biocular condition). 
The decrease in accuracy with an increase in visual information in our results is 
somewhat counter-intuitive. As we have discussed (section 3.4.4), evidence suggests 
that multiple visual inputs may be integrated to influence TTC judgement  (e.g. 
DeLucia, 2003). It may be argued that the absolute judgement task may not be 
sufficient for obtaining accurate TTC estimates, as we will discuss further in section 
5.3.3 below. However, the task should be adequate for comparing judgements 
between visual information conditions. We show that the inclusion of binocular 
cues that are congruent with monocular TTC cues has a statistically significant effect 
on observers’ TTC judgements, in comparison to both biocular and monocular 
conditions (see figures 5.1-5.4). This is in accordance with previous findings of a 
binocular information effect, and indicates that RDT stimuli are suitable for studying 
the effects of binocular visual information on TTC judgements.
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We also found smaller standard deviations for combined-cue stimuli than for both 
biocular and monocular stimuli (see figures 5.3b and 5.4b respectively), which 
reached statistical significance for two observers. This indicates that the combination 
of congruent binocular and monocular TTC cues can increase estimate precision. 
This is in accordance with findings from Heuer (1993), who found the smallest 
intraindividual variation for combined-cue conditions (~11.6% standard deviation of 
simulated TTC), in comparison with monocular conditions (~17% standard deviation) 
and conditions where binocular information was otherwise incongruent with 
monocular TTC information (average of ~20% standard deviation).
In Gray and Regan’s (1998) data, however, they did not find the lowest random 
variation for congruent, combined-cue conditions. The largest random variation in 
their data comes from stimuli in which only binocular information indicates MID 
(~10% standard deviation derived from standard errors in figure 4, p. 507), yet 
there was little difference between random variation found for monocular stimuli 
(~8%) and stimuli which contain congruent monocular and binocular information 
(~9%). However, when inspecting observer data separately in Gray and Regan’s 
(1998) report, it is clear that, whilst one observer gives the smallest random variation 
for congruent stimuli, and much larger random variation for other conditions, the 
other two observers give much larger variation in the congruent condition than in 
other conditions. Therefore, random variation in Gray and Regan’s study may be 
accounted for by individual differences in observers’ data, rather than overall effects 
of experimental condition.
154
Binocular Vision and 3-D Motion Perception
Monocular information5.3.1.2 
In the experiment detailed here, where both cases were addressed explicitly, 
there was no evidence of consistent differences between biocular and monocular 
conditions across the three observers. One observer showed no difference in results 
between the two conditions, one showed significantly longer TTC estimates for 
biocular stimuli, and one showed significantly shorter estimates for biocular stimuli 
(see figure 5.5a). From these results, we cannot conclude that biocular presentation 
is different from monocular presentation. 
The cue-conflict present in biocular stimuli might lead one to expect less reliable 
responses, but there was no significant difference between standard deviations from 
biocular and monocular conditions with the current experimental parameters (see 
figure 5.5b). This supports the proposal that only monocular information is used for 
making TTC judgements when viewing biocular stimuli. We are the first to address 
this comparison explicitly for TTC estimation, and to show data supporting our 
conclusions.
It is possible that individual differences between observers may be responsible for 
the variations in response patterns between biocular and monocular conditions. 
However, another difference between the biocular and monocular conditions was 
that the latter contained a lateral motion component (as used in half-images of 
combined-cue stimuli). All four observers reported that monocular stimuli appeared 
to move in depth on an oblique trajectory that would lead to the simulated object 
passing them to the side of the body. Observers therefore reported that they 
performed time-to-passage judgements with monocular stimuli, responding at the 
time at which they perceived the test stimulus would pass through the frontoparallel 
plane passing through their eyes, rather than when the object would contact them. 
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To control for the effects of the lateral motion component in the monocular stimuli 
on the perceived direction of stimulus motion, biocular stimuli may be tested 
alongside monocular stimuli that present a centrally located looming target with no 
lateral motion component. 
Use of TTC information5.3.1.3 
As it is possible that observers based their responses on factors other than the 
perceived TTC, it was important to analyse data only from those that gave evidence 
of sensitivity to TTC information. The results suggest that three of the four observers 
responded using TTC information, as their estimates varied systematically with 
simulated TTC. There was also no indication that any observer based their responses 
solely on simulated speed, presentation duration, initial distance, or total change in 
distance. This is consistent with previous research that reports TTC can be accessed 
independently of speed, duration and distance (e.g. Gray & Regan, 1998; Regan & 
Hamstra, 1993; Regan & Vincent, 1995).
However, as described in the TTC introduction chapter (e.g. section 3.4.4), effects of 
numerous variables have been found to influence measures of TTC estimation. Heuer 
(1993) found a significant interaction between initial distance and viewing condition, 
with larger initial distances leading to longer TTC estimates, especially for stimuli in 
which vergence, but not looming cues, indicated MID. One reason for the differences 
in reports of initial distance effect between our experiment and Heuer’s (1993) might 
therefore be that we did not present a stimulus without looming cues. In experiment 
2, all stimuli contained looming information. Both studies included conditions 
in which only monocular cues to TTC were available (monocular condition) and 
conditions containing congruent monocular and binocular information. For these 
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types of stimuli, Heuer (1993) found a weak effect of initial distance, an effect that is 
not found in our data.
A possible reason for this might be that Heuer (1993) presented initial distances of 
either 100cm, or 200cm, whilst in our experiment, the initial distance varied between 
141cm and 187.4cm. Therefore, the range of initial distances explored in experiment 2 
is less than half that tested in Heuer’s experiment. Also, as they counterbalanced two 
values of initial distance across conditions containing simulated TTCs of 2s, 4s and 
8s, it is possible that their comparison of the two (extreme) values may yield a clearer 
effect than our measurement of values across the smaller range of initial distances. 
There is no evidence of influence of initial distance in our data, and no indication 
that the use of a wider range of initial distances might yield different estimates. We 
further explore the potential effects of initial distance on TTC perception of our 
stimuli in experiment 7 (see section 8.2 and sub-sections).
Underestimates vs. Overestimates5.3.2 
Of the three observers responding to TTC information, all produced underestimates, 
for all three conditions, that increased in magnitude with simulated TTC. In a similar 
prediction-motion task, Heuer (1993) found an overall bias towards over-estimations. 
It is clear from the data plotted in figure 2 of Heuer’s paper that estimates did not 
increase at the same rate as simulated TTC, but at a slower rate, as found in our 
results. This is most notable in their ‘changing size’ condition (comparable to our 
own biocular condition), which leads to overestimates of 50% at a simulated TTC of 
2s, 20% for TTCs of 4s, and approximately veridical estimates for 8s TTC. Heuer’s 
combined-cue condition yields shorter TTC estimates, as found in experiment 2, 
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above. They reported that simulated TTCs of 2s were overestimated by approximately 
10%, whereas TTCs of 8s were underestimated by 10%.
It is possible that a programming error in training sessions for experiment 2 (see 
section 5.2.1.3) biased observers towards shorter TTC estimates. After watching an 
approaching stimulus, observers were instructed to respond with a button press as 
soon as they saw the screen flash. They were told that the flash coincided with the 
time at which the stimulus would contact them. However, programming errors led to 
the flash occurring at half the desired simulated TTC, and observers were effectively 
trained to respond at half the simulated TTC, encouraging large underestimation of 
the full, simulated TTC. 
If observers had continued to respond at half the simulated TTC throughout the 
experiment, then we would expect to find substantial underestimation (approximately 
50%). Also, comparing TTC estimates against half the corresponding simulated TTC 
value should yield more accurate results than comparison with full simulated TTC 
values. Yet, re-plotting responses against half the simulated TTC values yielded a 
trend of overestimation for all conditions for all 3 observers, with (systematic) errors 
between -13% and 100% of the half simulated TTC value, and overall average errors 
between 31-40%. T-tests showed that the mean TTC estimates differed significantly 
from half the simulated TTC values for all conditions (p < 0.05), across all observers, 
suggesting that training was not the sole reason for inaccurate responses. Further to 
this, we find substantial underestimation in experiment 3 (see chapter 6, sections 
6.3.3.1 and 6.3.4.5), in which no training sessions or feedback was given (only one 
observer, the author, participated in both experiments 2 and 3).
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Using a relative judgement task, Gray and Regan (1998) found that biocular stimuli 
generated underestimates of 2-12%, much smaller than those reported here (up 
to 49%). When both monocular and binocular cues indicated MID, errors were 
between 1.3-2.7% (compared to 20-57% underestimates found here), with two of 
their observers yielding underestimates, and one giving overestimates. One reason 
for this difference in error size may be due to the shorter simulated TTCs that Gray 
and Regan employed. These were initially 1.67s, 2.07s and 2.72s (subsequently 
adjusted by staircase method to hone in on TTC estimate across trials) compared to 
our range of 3.6-7.2s. As shown in the data above, the percentage of systematic error 
increases with TTC, and so we would expect a study using shorter TTCs to yield 
lower systematic error magnitudes. 
There are other differences between these two experiments that may also contribute 
to the difference in error ranges between them. The task used by Gray and Regan 
(1998) prevented observers from tracking the stimulus (i.e. following the stimulus with 
their eyes), discarding trials where nonius lines failed to align throughout the entirety 
of stimulus presentation. This prevents ocular vergence movements, but retains 
relative changes in disparity between the moving target and the stationary reference. 
One might expect that consistent disparity and vergence signals may increase the 
accuracy of estimates. However, research has shown that visually tracking a target that 
moves directly towards (and away from) the observer can reduce perceived speed 
of motion (Nefs & Harris, 2007). Applying this logic, we might then expect more 
overestimates of TTC for the tracked stimuli presented here than in Gray and Regan’s 
study, yet we find large underestimates. We cannot, therefore, explain differences 
between the two experiments’ findings simply in terms of ocular vergence cues.
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TTC Task5.3.3 
Another difference between Gray and Regan’s (1998) experiments and our own, is the 
task employed. Not only did they use a relative judgement task, asking observers to 
indicate whether the simulated TTC was before or after the mean value, but they also 
used a staircase method to hone in on estimates, adjusting TTC according to previous 
responses. The use of timed responses in experiment 2 introduces the possibility 
of variance from multiple sources. Not only does the reaction time depend on the 
perceived TTC, but also on the ability of the observer to monitor timing and initiate 
motor responses reliably. In a review paper examining different types of TTC tasks, 
Tresilian reported that TTC in prediction-motion tasks is typically underestimated by 
an average of 60%, and that “standard deviation of the estimates tends to be nearly 
50% of the actual TTC” (1995, p.237). The data reported here indicates average 
underestimates of between 31-34.5%, and standard deviation of estimates between 
4% and 33% of simulated TTC. Consequently, the errors in estimates reported here 
might be a product of the absolute judgement task employed. We would expect 
variation from processes responsible for timing and motor responses to apply equally 
to all visual information conditions, and for such effects to even out over the course 
of the trials. Therefore, although these factors may reduce overall accuracy and 
precision of TTC estimates as measured by our task, they should have little effect on 
differences between conditions. 
Conclusions5.4 
From the data reported above on the differences between combined-cue, biocular 
and monocular conditions, we can conclude that the inclusion of congruent binocular 
information can influence TTC judgements. The magnitude of variability and error 
found in responses may be due to the use of an absolute judgement task. It may 
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therefore be worthwhile to employ relative-judgment tasks in future experiments in 
an attempt to reduce variability in responses.
It is clear from the results that RDT stimuli presented within a stationary reference 
frame can be used to study TTC judgements and differences between visual 
information conditions. More specifically, RDT stimuli can replicate the influence of 
binocular information on TTC judgements, and are therefore suitable to be used in 
further TTC experiments in this thesis.
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Use of Binocular Cues in a  6. 
TTC Comparison Task
Synopsis6.1 
Having found the absolute judgement task to yield variable measures of TTC 
estimates, we explored the influence of binocular cues on TTC judgements in 
a comparison judgement task. The experiments in this chapter address the same 
experimental question as in the previous chapter: does binocular information in 
RDT (random-dot target) stimuli influence TTC judgements? As before, we compare 
viewing conditions in which monocular TTC information is presented with congruent 
binocular information, incongruent binocular information, and in the absence of 
binocular information. The first experiment, 3, uses simulated TTCs of 3.6s-6.4s, 
similar to those from the absolute judgement task. The second experiment, 4, uses 
simulated TTCs of 1.8s-3.2s, to explore a wider range of TTCs.
Introduction6.2 
In the discussion of experiment 2, we addressed concerns over the reliability and 
validity of judgements made in absolute judgement tasks (section 5.3.3). Tresilian 
(1995) noted that TTC estimates obtained via absolute judgement tasks are often 
accompanied by a large amount of variance. For example, Schiff and Detwiler (1979) 
examined the effects of 2-D information in an absolute judgement task, and obtained 
standard deviations of up to 100% in reported TTC estimates. Indeed, in experiment 
2, we found standard deviations of up to 33% of the simulated TTC.
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Comparison judgement tasks have also been used to investigate TTC estimates (e.g. 
DeLucia, 2005; Gray & Regan, 1998). These usually require 2-alternative forced-
choice (2-AFC) responses, and consist of one of two different procedures: 1) The 
observer is presented with two target stimuli simultaneously, and required to make 
comparison judgements between the two, e.g. which stimulus would contact the 
observer first. 2) A single target stimulus is presented which approaches the observer 
for a portion of its motion before disappearing. A comparison event, such as an 
auditory tone, then occurs at some time after the offset of the target. Observers must 
compare the TTC of the target stimulus with the time at which the comparison event 
occurred, and indicate whether the target would have contacted them prior to, or 
following, the comparison event (see figure 4.12b, p.140,  in section 4.5.3).
The first of these comparison tasks, using two simultaneous targets, does not obtain 
an approximation of the observers’ TTC estimates, but measures thresholds for 
detecting differences between the two stimuli. By presenting pairs of stimuli and 
asking observers to indicate which stimulus has the shorter TTC, researchers can 
measure the discrimination threshold, that is, the difference between stimuli required 
to reliably perceive the two TTCs as different. For example, DeLucia (1991) used this 
technique to investigate the size-arrival effect - where larger objects are perceived 
to have shorter TTCs in comparison to smaller objects. They compared distance 
and TTC judgements across conditions manipulated for rate of expansion, motion 
parallax and other pictorial depth cues, to measure the influence of these factors on 
the size-arrival effect.
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The second type of procedure, containing a comparison event that follows target 
stimulus presentation, can be used to approximate TTC estimates by recording the 
effects of systematically manipulating either the simulated TTC or timing of the 
comparison event. Gray and Regan (1998) presented observers with an auditory click 
for comparison with the target stimuli’s TTC, as did Steeves et al. (Steeves, Gray, 
Steinbach, and Regan, 2000), both of these studies obtained lower systematic error 
and variability than found in our absolute judgement task (see sections 5.3.2 and 
5.3.3)
It is argued that biological perceptual systems are opportunistic in the input they use 
to reach decisions (e.g. Tresilian, 1995), and that they can quickly adapt and change 
strategy. Therefore, when presented with two stimuli simultaneously in a comparison 
judgement task designed to measure TTC, responses may be based on many 
different sources of information that differ between the two stimuli (e.g. DeLucia, 
2003). For example, in a frontoparallel TTC task where observers were required to 
indicate which of two moving stimuli would reach their designated target first, Law 
et al. (1993) found a substantial bias towards using relative distance information, as 
opposed to TTC information. This highlights the caution that must be used when 
attempting to ascertain that observers are using TTC information in such tasks.
By restricting the number of possible comparisons between stimuli, one may 
also reduce the possibility of strategies based on opportunistically selected cues. 
For example, an auditory click, such as that used by Gray and Regan (1998), that 
occurs at some point in time after the offset of the target stimulus does not enable 
relative judgement of size, distance or height in plane, only of temporal occurrence. 
Therefore, a TTC task using a timed comparator event may reduce the potential 
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effects of non-TTC response strategies in comparison to comparison tasks with 
two simulatneously visible targets. However, care must still be taken to ensure that 
observers are able to utilise TTC information.
The following experiments used similar target stimuli to those in the absolute 
judgement experiment, but employed a comparison judgement task in the form of 
a screen flash occurring some time after target stimulus offset. Using this method, 
we can not obtain TTC estimates directly from single responses (as in an absolute 
judgement task), but instead we derived estimates from patterns of 2-AFC responses 
from a range of comparison event timings (see section 4.6.2). As responses were not 
reliant on the observer to make a timed motor response, and there was no limit on 
response time, the data was not affected by variations in the time taken to process 
the stimuli, reach a decision or to coordinate and execute the motor response. 
Therefore, a comparison judgement task may yield a lower level of variability within 
observers’ responses than an absolute judgement task.
The overall aim of the remaining chapters of this thesis is to explore the use of CD 
and IOVD information in estimating TTC. Using stimulus generation techniques 
similar to those in experiment 1, it is possible to manipulate the availability of CD 
and IOVD information in TTC stimuli. Previous research has shown evidence that 
binocular information can influence TTC judgements (Gray & Regan, 1998; Heuer, 
1993; Rushton & Wann, 1999b), however, we first need to verify that the effect of 
binocular information on TTC judgements can be measured using RDT stimuli.
165
6.  TTC Comparison Task
Experiment 3: Binocular Information in a TTC  Comparison 6.3 
Judgement Task
Introduction6.3.1 
As previous literature, and experiment 2, indicate that binocular information 
contributes to TTC judgement, our experimental hypothesis was that the inclusion 
of binocular cues to MID should affect TTC judgements for looming RDT stimuli. 
We compared responses between conditions in which monocular TTC cues were 
presented in a stimulus target with i) congruent binocular information (combined-
cue stimuli), ii) incongruent binocular information (biocular stimuli), and iii) when 
binocular information was removed (monocular stimuli). Accordingly, we expected 
that any influence of binocular information should manifest itself in differences 
between the TTC judgements for the different stimulus target types.
Methods6.3.2 
Methods are as described in the general methods chapter, according to comparison 
task set-up (see chapter 4). We describe here the details particular to this 
experiment.
Observers6.3.2.1 
Eight naïve observers and the author participated in this study (1 male, 8 females).
Stimuli6.3.2.2 
The stimuli were presented on a monitor at a distance of 1.4m from the observer, 
whose head movements were restricted by the use of a chin rest. The target stimulus 
had a simulated diameter of 2.45cm (1º when simulated at the 1.4m depth of the 
screen), and consisted of 60 dots of diameter 1.4 min arc each. Three simulated TTC 
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values were used, 3.6s, 5s and 6.4s. Due to our previous findings that responses 
were not based solely on speed or initial distance (sections 5.2.2.5.1 and 5.2.2.5.3, 
respectively), a single simulated distance of 1.7m was used to present all target 
stimuli. This led to an initial target size of 0.83º, and simulated speeds of 0.47m/s, 
0.34m/s and 0.26m/s. Each trial started with a 3s fixation cross, initiated via key-press 
by the observer. The stimuli were then presented for 1.2s and followed by a pause of 
variable length before a comparator flash was presented (176ms flash duration). 
The time at which the comparator flash occurred took one of seven different 
values for each of the three simulated TTC conditions, giving 21 unique stimulus 
combinations. Table 6.1 lists the time between target stimulus onset and the onset 
of the flash, referred to as the onset-flash time. These values encompass the range 
of TTC estimates obtained in experiment 2 for similar simulated TTCs. That is, for a 
simulated TTC of 3.7s, TTC estimates ranged between 2-3.4s; for a simulated TTC of 
5s, estimates ranged between 2-4.2s; and for simulated TTCs of 6.49s, TTC estimates 
were between 2.8-4.3s.
Range of onset-flash times. Simulated TTCs and their corresponding range Table 6.1 
of onset-flash times (i.e. duration of time between the target stimulus onset and flash 
onset)
Simulated TTC (s)
3.6 5.0 6.4
Onset-flash 
times (s)
1.2 1.7 2.4
1.4 2.1 2.8
1.8 2.5 3.2
2.3 3.0 3.7
2.8 3.5 4.2
3.3 4.0 4.7
3.8 4.5 5.2
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Target stimuli were presented under four visual information conditions: combined-
cue, biocular, monocular left and monocular right. The combined-cue and biocular 
conditions were generated as described in experiment 2 (section 5.2.1.2). Combined-
cue stimuli incorporated both monocular and binocular cues that indicated the 
same TTC; biocular stimuli presented a cue-conflict, providing the monocular cue of 
looming, but with binocular cues indicating zero motion. 
In experiment 2 we used a monocular condition in which the stimulus contained 
both looming and a lateral motion component consistent with motion of a directly 
approaching object viewed with the head remaining stationary. Under this condition, 
we found that observers tended to report perception of oblique trajectories, and 
made time-to-passage responses instead of TTC responses (see discussion section 
5.3.1.2). Here, in experiment 3, we used a monocular condition that contained no 
lateral motion component. This consisted of a centrally-located target that presented 
looming information as if to a single, centrally positioned eye, illustrated in figure 6.1.
Monocular target stimuli. Illustration of monocular target stimuli for the Figure 6.1 
tested eye at three points in presentation duration, time 1, time 2 and time 3. The dot 
pattern expands, remaining at the centre of the screen, but dots do not change size. 
Not to scale.
Time 1 Time 3Time 2
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Procedure6.3.2.3 
For details of the overall procedure, see general methods (section 4.5.3). After the 
approach and offset of the target stimuli, observers waited for a variable time until 
the screen flashed. They were then required to respond via keyboard button press 
whether the target would have contacted them before or after the flash, had it 
continued along its trajectory. Each block of trials included each of the 84 unique 
stimuli (3 TTCs, 7 onset-flash times, 4 viewing conditions) presented in a pseudo-
random order via the method of constant stimuli. Blocks of trials took observers 
approximately 10 to 12 minutes to complete. Each observer performed 3 practice 
blocks to familiarise themselves with the stimuli and task. Each practice block 
consisted of the full set of 84 stimuli, presented once in a pseudorandom order. No 
feedback was given and practice data was not used in the final analysis. 40 test 
blocks were run in sessions of 4 blocks each, with short breaks between blocks. The 
length of break between blocks of trials was determined by the observer to avoid 
visual discomfort, and the interval between sessions was at least a day.
Analysis6.3.2.4 
For each of the 84 stimuli, we recorded the percentage of responses indicating that 
the stimulus would contact the observer before the flash (henceforth referred to as 
‘before’ responses). For each simulated TTC and viewing condition, these percentages 
were plotted against onset-flash time (i.e. duration between target stimulus onset 
and flash) and fit with a cumulative Gaussian curve via the Levenberg-Marquardt 
method (Levenberg ,1947; Marquardt 1963) and subject to Monte-Carlo simulation as 
described in the general TTC methods chapter (4.6.2). Estimates of TTC were taken 
from the projected onset-flash time that yielded a ‘before’ response in 50% of trials 
(i.e. the point of subjective equality, PSE; see section 4.6.2 for more details). 
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The group data was tested for a main effect of condition using a repeated-measures 
ANOVA test for each simulated TTC separately. Where these tests yielded significant 
main effects of condition, pairwise comparisons, using Bonferroni-adjusted t-tests, 
were then performed between conditions to look for significant differences in TTC 
estimates between conditions. Within-subjects differences between estimates were 
statistically tested using a Bonferroni-adjusted z-test of the PSEs from the curve fits, 
using the standard deviation from the Monte-Carlo simulation. A t-test performed on 
data from observers AA, CH, CJ and CI showed no significant differences between 
estimates made using monocular stimuli presented to the left and right eyes (p > 0.9), 
and so this data was pooled into a single monocular condition for further analysis.
Results6.3.3 
Five observers were discarded from analysis due to indications that they could not 
complete the TTC task sufficiently. We describe the data analysis leading to this 
decision in section 6.3.3.5 below. First, we address the experimental hypothesis, the 
effect of binocular information, examined across the four remaining observers: three 
naïve observers and the author (AA). 
Group effects6.3.3.1 
Figure 6.2 (over page) plots the group’s mean estimates of TTC against simulated 
TTC for each viewing condition. Regression analysis of the grouped data showed a 
significant relationship between simulated TTC and estimated TTC for all conditions 
(p < 0.03). It can be seen that estimates for all conditions are largely underestimated, 
and combined-cue estimates were shorter than those for biocular and monocular 
conditions, which were very similar. The main effect of condition on the group of 
observers (n=4) was significant for simulated TTCs of 3.6s (p < 0.03) and 6.4s (p 
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< 0.05). However, Bonferroni-corrected t-tests showed no significant differences 
between any pairs of conditions for any simulated TTC, suggesting that group effects 
of viewing condition were not robust. We considered that individual differences in 
response patterns may be more informative than grouped data, given the individual 
differences in ability to process CD and IOVD information shown in experiment 
1 (see section 2.3.6), therefore, the following results pertain to within-subjects 
comparisons. 
Effects of binocular information6.3.3.2 
Figure 6.3 shows each observer’s TTC estimates plotted against the simulated TTC for 
combined-cue, biocular and monocular conditions. No observer exhibited significant 
differences between estimates from monocular and biocular viewing conditions 
for any simulated TTC (p > 0.2), despite the cue-conflict between monocular and 
binocular information within biocular stimuli. This demonstrates that when binocular 
Grouped TTC estimates. Mean estimated TTC plotted against simulated Figure 6.2 
TTC for combined-cue (red squares), biocular (blue diamonds) and monocular (green 
triangles) conditions. Dotted line indicates veridical response. Vertical lines denote ±1 
standard deviation.
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information indicates zero motion of a stimulus that contains looming cues, it does 
not affect TTC estimation. 
There was, however, evidence of effects from including congruent binocular 
information in the target stimuli. It is clear from figure 6.3 that observers AA, CI and 
CJ give shorter TTC estimates under combined-cue conditions than both biocular 
and monocular conditions. This difference was highly significant at all simulated 
TTCs for observer AA (p < 0.01). For observer CJ, this difference was significant 
at simulated TTCs of 3.6s and 6.4s. But at 5s, this difference was significant only 
between combined-cue and monocular estimates (p < 0.01). Observer CI yielded 
Observer TTC estimates. Estimated TTC against simulated TTC for Figure 6.3 
combined-cue (red squares), biocular (blue diamonds) and monocular (green triangles) 
conditions. Dotted line indicates veridical response. Vertical lines denote ±1 standard 
deviation.
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a similar pattern of resultes to observer CJ, yet the combined-cue estimate was 
significantly shorter than the other conditions only for the shortest simulated TTC 
of 3.6s (p < 0.05). Observer CH did not show any differences between any viewing 
conditions for any simulated TTC (p > 0.2).
Random error6.3.3.3 
In experiment 2, two of the three observers obtained significantly lower random error 
for combined-cue stimuli than both biocular and monocular stimuli (see sections 
5.2.2.2 and 5.2.2.3). Figure 6.4 shows each observer’s random error in responses (i.e. 
standard deviation of estimates plotted as a percentage of simulated TTC) across the 
three simulated TTCs for all viewing conditions in experiment 3. It can be seen that 
there are no clear trends in random error across the four observers. In accordance 
Random error. Standard deviation, as a percentage of simulated TTC, Figure 6.4 
plotted against simulated TTC for combined-cue (red squares), biocular (blue 
diamonds) and monocular (green triangles) conditions.
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with this, within-subject t-tests showed no significant effects of condition on random 
error (p > 0.05).
Systematic error6.3.3.4 
Systematic error was defined as the difference between estimated and simulated 
TTCs, and was recorded as a percentage of the simulated TTC. Figure 6.5 plots 
this percentage error for the combined-cue, biocular and monocular conditions 
across the three simulated TTCs. Previous literature has shown that systematic error 
increases with simulated TTC (Knowles and Carrel, 1958; Kaiser & Mowafy, 1993; 
Schiff & Detwiler, 1979), as found in experiment 2. All four observers consistently 
underestimated TTC in experiment 3, with one exception - observer CH’s slight 
overestimate of monocular condition stimuli for the shortest simulated TTC. Yet 
Systematic error. Percentage error (difference between estimate and Figure 6.5 
simulated TTC) against simulated TTC for combined-cue (red squares), biocular (blue 
diamonds) and monocular (green triangles) conditions.
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only observer CH showed a clear increase in underestimation with simulated TTC, 
confirmed by linear regression of systematic error against simulated TTC for each 
observer. This showed that only CH’s systematic error in the monocular condition 
deviated significantly with simulated TTC (b = -12.56,  R2=0.99, F(1, 2)= 273, p < 
0.04). No other observers showed an effect of simulated TTC on systematic error.
Discarded data6.3.3.5 
Anomalous response patterns6.3.3.5.1 
In order to confirm the validity of our experimental measures as approximations of 
observers’ TTC judgements, it was important to check that observers were in fact 
responding to TTC information. One requisite of the task is that the percentage of 
‘before’ responses increased with onset-flash time for each simulated TTC, passing 
through the 50% point to yield a PSE value. One observer’s (CA) data were discarded 
as they yielded a PSE value only for the combined-cue condition for the shortest 
simulated TTC (3.6s). All other condition combinations yielded ‘after’ responses for 
the vast majority (82.5 - 100%) of trials. This observer’s responses suggested that no 
MID was perceived for biocular or monocular viewing conditions, or for combined-
cue conditions with longer simulated TTCs. We were therefore unable to use this 
data for quantitative comparison.
Figure 6.6 shows representative examples of data (from the combined-cue condtion) 
from observers CB and CG, whose response patterns were anomalous,  and observer 
CJ, whose data were representative of appropriate completion of the task, and 
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were consequently included in the full analysis. It can be seen that the percentage 
of ‘before’ responses made by observer CJ spanned a wide range (2.5-87.5%), and 
increased with onset-flash time for all three simulated TTC conditions. Observers 
CB and CG, however, yielded relatively shallow response curves that did not all 
pass through 50% ‘before’ responses. As we cannot therefore obtain reliable PSEs 
from their data for quantitative examination, data from observers CB and CG was 
discarded from further analysis.
Anomalous responses. Percentage of “before” responses  plotted against Figure 6.6 
onset-flash time for each simulated TTC. Combined-cue data only, as representative 
of overall responses. Observers CB and CG show anomalous data, observer CJ shows 
data consistent with TTC information use and sufficient completion of task. 
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Use of TTC information6.3.3.5.2 
We examined which of the remaining six observers appeared to be using TTC 
information to complete the task. If observers responded to TTC, then the relationship 
between simulated and estimated TTC should be a positive monotonic function. 
From figure 6.7 we can see that observers AA, CH, CI and CJ yield such a pattern 
of responses. In accordance with this, regression analysis of the data showed that 
observers CI and CJ significantly modulated their responses with simulated TTC 
for all 3 viewing conditions (p < 0.04). Observer AA showed a highly significant 
relationship between simulated and estimated TTCs for the combined-cue and 
monocular viewing conditions (p < 0.02), but not for the biocular condition (p > 
0.05). However, regression analysis on observer CH’s data did not show a significant 
statistical effect.
Observers CC and CF do not show a simple increase in TTC estimates with simulated 
TTC, their responses appear to remain largely constant across simulated TTC, and 
between viewing conditions, confirmed by linear regression analysis between 
simulated and estimated TTCs (p > 0.05). This constancy of response suggests that 
they may employ a response strategy that is not linked to these stimulus variables. 
One possible explanation for the results from observers CC and CF is that they based 
responses purely on the timing of the comparator flash (i.e. time between stimulus 
onset/offset and occurrence of flash) and were not influenced by the information 
contained within the target stimulus. We test for this possibility in the next section.
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Estimated TTC and simulated TTC. Estimated TTC plotted against simulated Figure 6.7 
TTC for all three viewing conditions: combined-cue (red squares), biocular (blue 
diamonds) and monocular (green triangles). Dotted line indicates veridical response.
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Timing of flash6.3.3.5.3 
To explore the possibility that observers CC and CF respond purely to the time of the 
flash, and not to the information included within the target stimulus, we plotted the 
proportion of ‘before’ responses against the onset-flash time for all three simulated 
TTCs. Response patterns that are similar for the three simulated TTCs, superimposing 
onto a single line, suggest that the response to the onset-flash was independent of 
the TTC information presented in the target stimulus. We show in figure 6.8 only the 
combined-cue condition data, as this is representative of TTC sensitivity in all visual 
information conditions. Observers AA, CH, CI and CJ show distinct response curves 
for each simulated TTC, yielding the increasing PSE values plotted in figure 6.7. The 
response curves for observers CC and CF, however, superimpose onto a single line, 
suggesting that their responses followed the same pattern regardless of simulated 
TTC. 
The data for observers CC and CF show that the onset-flash time is a better predictor 
of their responses than simulated TTC and viewing condition. This suggests that their 
response strategy was not based on information from the target stimulus, but on the 
timing of the flash itself. As all target stimuli were presented for a duration of 1.2 
seconds, it is not possible to distinguish whether these observers used the onset-flash 
time (as used to plot data here), or the time of the flash relative to other points in 
the presentation of each trial, such as fixation onset/offset or target stimulus offset. 
Although an interesting artifact of these observers’ data, we wish to concentrate only 
on the use of TTC information, and so it was concluded that observers CC and CF 
were not sensitive to TTC under the current experimental conditions, and their data 
were discarded from further analysis.
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Discussion6.3.4 
We compared the effects of adding congruent and incongruent binocular information 
to monocular TTC cues to test our experimental hypothesis that the inclusion of 
binocular information would affect TTC estimates.
Responses and onset-flash times. Percentage of ‘before’ responses plotted Figure 6.8 
against onset-flash time for each simulated TTC. Data shown from combined-cue 
condition only. 
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Effects of binocular information6.3.4.1 
The significantly shorter estimates made under the combined-cue condition in the 
above experiment indicate that binocular information can influence TTC judgements 
when congruent with looming information. This is in accordance with the results 
from experiment 2, and consistent with findings from Heuer (1993), where stimuli 
consisting of congruent monocular and binocular information produced the shortest 
TTC estimates. Gray and Regan (1998) also reported a difference between combined-
cue and biocular targets, but in their findings, combined-cue stimuli yielded the 
most accurate estimates, and the shortest TTC estimates (i.e. largest underestimates) 
were found in biocular viewing conditions (referred to as ‘size alone’ condition). We 
discuss the underestimates found in experiment 3 further, in comparison with finding 
from previous research and experiment 4, in the general discussion section 6.5.2 
below.
Responses to biocular stimuli were very similar to those for monocularly presented 
stimuli, with no significant differences between estimates from the two conditions 
(see figure 6.2, p.188 for grouped data, and figure 6.3, p.189 for individual observer 
data). This suggests that only monocular information is used to judge TTC estimates 
under biocular viewing conditions, and that the cue-conflict between binocular and 
monocular information does not affect these judgements. This is consistent with 
results from Heuer (1993), who reported that incongruent monocular and binocular 
cues to TTC led to the dominance of monocular cues in TTC judgements for stimuli 
with radii of 1.4cm or larger - our stimuli had a simulated radius of 2.45cm. Heuer 
(1993) found this effect when incongruent binocular information indicated that the 
stimulus was stationary (zero change in vergence, similar to our biocular stimuli), 
and, to a lesser extent, when binocular information indicated a TTC twice as long as 
that indicated by monocular cues. 
181
6.  TTC Comparison Task
However, Heuer’s (1993) stimuli contained no reference information, which may 
have increased the possibility of monocular cues dominating the TTC percept. We 
have previously described the importance of relative MID information, and evidence 
that suggests that absolute binocular cues can be dominated by monocular MID 
cues (Erkelens & Collewijn, 1985b; Regan et al., 1986). The results of experiment 
3 therefore extend Heuer’s findings, giving evidence that monocular information 
dominates TTC judgement when binocular information indicates no MID, regardless 
of whether this is absolute or relative binocular information.
Our findings are also consistent with those reported by Rushton and Wann (1999), 
where conflict between monocular looming and binocular disparity cues biased 
responses towards the shortest indicated TTC. For our biocular stimuli, the monocular 
information indicated approach, whereas binocular information indicated no motion, 
therefore, from Rushton and Wann’s model, we would expect observers to make 
responses dominated by the more conservative monocular TTC information, which 
is what we found.
Potential response factors6.3.4.2 
It is important to investigate which variables were used to complete the task. 
Experiment 3 did not control for the use of variables such as speed, final distance, 
size, or the overall change in distance or size of the target stimuli, as no effects of 
these were found in experiment 2. We also address the effects of initial distance 
(experiment 7) and absolute size (experiment 8) for our stimuli and task in chapter 8, 
in which control experiments show no effect of these factors on responses in a TTC 
comparison task as used here. We therefore conclude that the  four observers who 
did not show anomalous responses or indicate a strategy based on the timing of the 
comparator flash probably used TTC information to perform the task.
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DeLucia et al. (2003) noted that the use, and/or combination, of different cues to TTC 
may be dependent on the stimuli used and the task procedure. Having ascertained 
that responses in experiment 2 were not based on these variables, and due to the 
similarity in stimuli and overall procedure between that study and experiment 3, it 
is reasonable to assume that these factors did not have a significant impact on the 
results in the present experiment. For further discussion, see chapter 8 on control 
experiments.
Onset-flash range6.3.4.3 
As noted in section 6.3.2.2 (stimuli), the ranges of onset-flash times used in this 
experiment were determined by the range of TTC estimates obtained in experiment 
2. The suitability of these parameters to measure TTC estimation in this task is 
reflected by the number of cases in which observers’ data produced a PSE value 
(i.e. measure of TTC estimate) that was within the range of the onset-flash times 
presented. The observers whose data were fully analysed yielded PSE values for all 
condition combinations (see figure 6.3, p.189). Of these PSEs, 36 out of 37 were 
within the range of onset-flash times presented in this experiment.
Observers were instructed that they should respond based on their perception of the 
target TTC, and if they voiced concern that they were responding with one choice 
more than the other, they were assured that this was not a problem, and that they 
should continue to judge each trial independently. However, despite attempts to 
control for such factors, it is difficult to ascertain what top-down factors may have 
influenced observers’ responses. For example, the majority of trials (20/21) contained 
comparator flashes that occurred prior to the simulated TTC (see table 6.1, p.184), 
if observers assumed that the range of comparator flash times was spread evenly 
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around the simulated TTC, then this may have led them to underestimate TTC. That 
is, if observers assumed a response strategy in which they gave ‘before’ responses 
with 50% probability, this would have led to substantial underestimates - 2.3s TTC 
estimate for simulated TTC of 3.6s, 3s for simulated TTC of 5s, and 3.7s for simulated 
TTC of 6.4s. However, all observers gave longer average TTC estimates than would 
be expected by a strategy of attaining 50% ‘before’ responses. This difference was 
highly significant for three observers (AA, CH and CJ; p < 0.03), but did not quite 
reach significance for observer CI (p < 0.08), despite their average estimates being 
between 0.4s and 1.4s longer than the expected values from the 50% response 
strategy. 
If observers made responses based purely on the onset-flash time, with no influence 
from the TTC stimuli, then we would expect to find no differences between 
experimental conditions, only between different simulated TTCs. Three of the four 
observers in experiment 3 showed statistically significant differences between TTC 
estimates from different viewing conditions (observers AA, CI and CJ), and so their 
responses cannot be accounted for solely by onset-flash time. Observer CH does 
not show a significant effect of condition on responses, and so it is possible that 
this observer may have based judgements on onset-flash time. We cannot rule out 
an effect of onset-flash times on responses, but we consider the potential effect of 
different comparator flash ranges in more detail in section 6.5.4 below.
Precision of estimates - random error6.3.4.4 
Experiment 2 showed evidence of an effect of viewing condition on precision of 
estimates (see sections 5.2.2.2 and 5.2.2.3). No such effect was found in experiment 
3, with no clear trends in random error across simulated TTC or across observers. 
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One reason for employing a comparison task was to reduce the random error 
within the data. Average standard deviation gives a general measure of precision in 
responses, and ranged between 0.11s to 0.34s across all conditions and observers in 
experiment 3. In order to make values comparable across simulated TTC, standard 
deviation is expressed as a percentage of the simulated TTC in figure 6.9, which 
shows the range of standard deviation recorded (minimum and maximum values), 
and the group averages for experiments 2 and 3. Experiment 3 used simulated TTCs 
of up to 6.4s, while experiment 2 tested up to 7.2s, therefore, we use the 19 simulated 
TTCs in experiment 2 that have a similar range (3.7s-6.3s) to that used in experiment 
3. We also compare data from experiment 2 using only 3 TTCs (3.7s, 5.1s and 6.3s), 
similar to those used in experiment 3 (3.6s, 5s and 6.4s), in order to account for the 
difference in number of observations. The monocular condition in experiment 2 
was quite different to that used in experiment 3 above, which, in turn, yielded very 
similar results to those from the biocular condition in experiment 3. Therefore, data 
from monocular conditions is excluded from this comparison.
It can be seen in figure 6.9 that experiment 3 yielded smaller standard deviations 
than experiment 2. The average random error obtained in experiment 3 was 3.2% for 
combined-cue conditions, and 5.3% for biocular conditions, compared to averages 
of 12.5% and 17.2% in experiment 2 (based on 3 simulated TTCs). When comparing 
only 3 simulated TTC values from each experiment, the range of standard deviations 
is similar between experiments, but encompasses a much higher range of values in 
experiment 2, with much larger average standard deviations than experiment 3.
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This suggests that the comparison task succeeds in obtaining less variable data 
than the absolute judgement task. As discussed in section 5.3.3, previous research 
requiring absolute judgements have obtained large standard deviations in TTC 
estimates (see Tresilian, 1995), in comparison to research using comparison tasks 
(e.g. Gray & Regan, 1998; Steeves et al, 2000). This is likely due to the removal 
of a timed decision, as experiment 2 required perception, decision and execution 
of motor response to occur within a limited temporal window, all of which may 
contribute random error to the response. The comparison task, however, set no time 
limit on response, nor was the response time measured. Therefore, variance from 
these sources is reduced.
 Range of random error. Range of standard deviations obtained for Figure 6.9 
experiments 2 and 3 given as a percentage of simulated TTC. Average standard 
deviation denoted by horizontal black bars. Experiment 2 data split into full range (19 
simulated TTCs) and equivalent range (3 simulated TTCs).
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Another source of variation in data is that of individual differences, to account for 
this, we make the same comparison as above for experiments 2 and 3, for the one 
observer (AA) that participated in both experiments. The data for observer AA 
are plotted in figure 6.10, which shows a substantial difference between standard 
deviation from the two experiments. This further supports the use of a comparison 
judgement task for reducing variability in responses. 
In addition to findings related to the task type, there is a benefit to performance 
in terms of lowered random error when monocular and binocular cues to TTC are 
congruent (combined-cue stimuli) in comparison to incongruent cues (biocular 
stimuli). It can be seen in figure 6.10 that, for both experiments, observer AA 
obtained lower random error, spread over a smaller range under combined-cue 
conditions. This suggests that the congruent information in combined-cue stimuli 
increases precision of responses relative to responses made using biocular stimuli.
Random error for observer AA. Ranges of standard deviation shown Figure 6.10 
for experiments 2 and 3 given as a percentage of simulated error. Average standard 
deviation denoted by horizontal black bar. Experiment 2 data split into full range (19 
simulated TTCs) and equivalent range (3 simulated TTCs).
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Accuracy of estimates - systematic error6.3.4.5 
As previously noted, nearly all TTC estimates obtained in this experiment were 
underestimates of the simulated TTC. Figure 6.11 shows the ranges of systematic 
error (minimum to maximum errors across simulated TTCs and observers) for each 
viewing condition, and the average systematic error obtained across the groups of 
observers in experiments 2 and 3. Again, measures of error are given in percentage 
of simulated TTC, which we compare across similar simulated TTC ranges (3.6s-
6.3s). 
It can be seen from figure 6.11 that, as expected, experiment 3 obtained smaller 
average underestimates than those in experiment 2. The range of errors was reduced 
from around 47% to 27% for biocular conditions in experiment 2 and 3 respectively, 
whilst the range of errors in combined-cue estimates increased slightly from 
experiment 2 to experiment 3. 
Ranges of systematic error. Systematic error given as percentage Figure 6.11 
difference from simulated TTC and average systematic error (black horizontal bars) 
across all observers in experiments 2 and 3. Experiment 2 data split into full range (19 
simulated TTCs) and equivalent range (3 simulated TTCs).
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As we have found large individual differences between observers’ data in the 
experiments thus far, it is possible that the use of different observers in the 
two experiments may account for any differences in results between the two 
experiments, and hence the effect of task type may not be readily apparent from 
group comparisons. Only one observer (author, AA) participated in both the absolute 
judgement and comparison task experiments. Figure 6.12 plots the ranges and 
averages of systematic error for the different viewing conditions and experiments for 
observer AA. It can be seen that the range of errors is much smaller for experiment 3 
than for experiment 2.
The trends in error shown by observer AA between the two tasks suggest that the 
comparator task can yield smaller ranges of systematic errors in TTC estimates, and in 
conjunction with evidence from the random error of data, suggest that a comparator 
task is able to obtain more accurate and precise approximations of observers’ TTC 
Ranges of systematic error for observer AA. Systematic error given as Figure 6.12 
percentage difference from simulated TTC for experiments 2 and 3. Experiment 2 
data split into full range (19 simulated TTCs) and equivalent range (3 simulated TTCs) 
Average systematic error denoted by black horizontal bars.
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estimations. We discuss our findings on systematic error in relation to previous 
literature in the general discussion section of this chapter (section 6.5.2), along with 
the results of the next experiment, 4.
Conclusions6.3.5 
In this experiment, we have found evidence for the influence of binocular information 
on TTC judgement. When binocular cues are congruent with monocular cues to 
TTC, observers generally yield shorter TTC estimates than when only monocular 
cues indicate TTC. However, when binocular cues indicate no MID, in conflict with 
monocular cues indicating MID, then monocular cues appear to dominate TTC 
estimation. 
Differences in observer groups and experimental parameters complicate direct 
comparison between results from experiments 2 and 3. However, data supports the 
hypothesis that variability in responses, as measured by both random error and the 
range of systematic errors, may be decreased by the use of a comparison judgement 
task.
We have noted that the simulated TTCs used by Gray and Regan (1998) were much 
lower than those used in our experiments reported thus far, and it is possible that this 
could account for the wider range of errors found in our observers’ data (see section 
5.3.2). In experiment 3 we have found no evidence of a robust effect of simulated 
TTC on systematic or random error, yet experiment 2 did find such effects over a 
slightly larger range of simulated TTCs. We therefore ran the comparison judgement 
task with shorter simulated TTCs in experiment 4 to explore the perception of TTC 
over a wider range.
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Experiment 4: Binocular Information Influence on Short 6.4 
TTCs
Introduction6.4.1 
It has previously been found that underestimation of TTC increases with large TTC 
values (Knowles & Carel, 1958; Kaiser & Mowafy, 1993; Schiff & Detwiler, 1979). 
Gray and Regan (1998) used TTCs of between 1.67s and 2.72s, and found much 
smaller errors (<12%) in TTC estimates than was found in experiment 2 (>-57%) 
and in experiment 3 (>-42.3%), which tested simulated TTCs of 3.2s-7.2s and 3.2s-
6.4s respectively. This, in addition to the positive correlation found in the absolute 
judgement task between simulated TTC and magnitude of error, requires a further 
study of the comparison judgement task using shorter simulated TTCs. Experiment 
4 explores the effects of binocular information on TTC judgement as in experiment 
3, to see if they hold across shorter simulated TTCs, and to investigate the effect of 
shorter simulated TTCs on systematic error.
Methods6.4.2 
As in experiment 3, with the following changes.
Observers6.4.2.1 
Four naïve, non lab-member observers and the author (all female) participated in this 
experiment, including observer CJ from experiment 5.
Stimuli6.4.2.2 
Target stimuli were composed as for experiment 3, but with 35 target dots subtending 
2.1 min arc each. Only biocular and combined-cue conditions were tested in 
experiment 4, following the finding that biocular and monocular conditions in 
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experiment 3 yield similar results (section 6.3.3.2, and figures 6.2, p.188, and 6.3, 
p.189). Stimuli were presented for a duration of 0.6s, with simulated TTCs of 1.8, 
2.5 and 3.2 seconds, corresponding to speeds of 0.94m/s, 0.68m/s and 0.52m/s 
respectively. As before, all target stimuli had an initial simulated distance of 1.7m 
from the observer, and therefore an initial simulated size of 0.83º diameter.
Comparator-flash times were generated with respect to the simulated TTC so that 
for each simulated TTC, the comparator flash was presented at ±1.4s, ±1s, ±0.5s, or 
0s from the simulated TTC. Due to the stimulus motion being visible for 0.6s, the 
shortest onset-flash time in the 1.8s simulated TTC condition was 0.9s, and only six 
onset-flash times were presented for this condition. 
Procedure and analysis6.4.2.3 
Procedure and analysis were as before, with 20 repetitions of each unique stimulus 
for observers CJ and CL, 19 for CM and CK, and 12 for the author, AA. As only two 
viewing conditions were employed in this experiment, group effects of condition 
were tested using t-tests for each simulated TTC separately.
Results6.4.3 
We first address the results pertaining to the experimental question. We then show the 
results that led to data being discarded. Two observers’ data were discarded, therefore 
three observers’ data were analysed in full, including that from the author (AA).
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Effects of binocular information6.4.3.1 
Figure 6.13 shows the mean average estimates of the grouped data from observers 
AA, CJ and CK. It was found that estimates were significantly shorter for combined-
cue stimuli at simulated TTCs of 1.8s (p < 0.03) and 2.5s (p < 0.03). Although this 
trend continued for simulated TTCs of 3.2s, this difference did not reach significance 
(p > 0.2). Observer CK’s data were retained for full analysis, but, for reasons discussed 
below, their data for combined-cue stimuli at the shortest simulated TTC (1.8s) were 
discarded. 
Figure 6.14 shows the trend for shorter estimates under combined-cue conditions for 
each observer separately. However, within-subjects comparisons of TTC estimates 
showed that this difference did not reach significance at any simulated TTC for 
observers CJ (p > 0.4) or CK (p > 0.3). Observer AA showed significantly shorter 
estimates for combined-cue stimuli when the simulated TTC was 2.5s (p < 0.001), 
however, this difference did not quite reach significance for 1.8s and 3.2s simulated 
TTCs (p = 0.07, and p = 0.09 respectively).
Mean group TTC estimates. Average TTC estimates plotted against Figure 6.13 
simulated TTC for combined-cue (red squares) and biocular (blue diamonds) 
conditions. Dashed line denotes veridical TTC estimation. Error bars show ±1 standard 
deviation of estimates.
3.22.51.8
2
5
4
3
1
Es
tim
at
ed
 T
TC
 (s
)
Simulated TTC (s)
Combined-cue
Biocular
193
6.  TTC Comparison Task
Precision of estimates - random error6.4.3.2 
As in experiment 3, there were large individual differences in random error between 
observers and no consistent effect of viewing condition, as shown by the data 
in figure 6.15. This was confirmed with within-subjects t-tests, which showed no 
significant differences in systematic error between biocular and combined-cue 
conditions (p > 0.05).
TTC estimates against simulated TTC. Estimated TTC plotted against Figure 6.14 
simulated TTC for combined-cue (red squares) and biocular (blue diamonds) 
conditions. Dashed line denotes veridical TTC estimation. Vertical black bars show 
±1 standard deviation of estimates.
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Accuracy of estimates - systematic error6.4.3.3 
We had previously noted that shorter simulated TTCs might lead to lower systematic 
errors, given previously reported results and our own findings in experiment 2. We 
will discuss these findings in the general discussion below (section 6.5.2), and focus 
here on trends in systematic error found in experiment 4. In figure 6.16, systematic 
error is expressed as a percentage of the simulated TTC and plotted against simulated 
TTC. These graphs show the wide range of systematic errors in TTC estimates, which 
differed substantially between observers (note different ordinate scales). 
On inspection of the graphs in figure 6.16, it appears that, although there are large 
individual differences in systematic error between observers, there is a weak trend 
for systematic error to vary inversely with simulated TTC, at least for responses made 
under the biocular condition. However, linear regression of systematic error against 
simulated TTC showed a significant relationship only for the biocular condition data 
from observer CK (b = 0.13, R2 = 0.99, F(1,2) = 620, p < 0.03). All other regressions 
were non-significant, despite observer CJ showing a large reduction in error between 
Systematic error for combined-cue and biocular conditions. Percentage Figure 6.16 
error (estimated TTC minus simulated TTC, as a percentage of simulated TTC) plotted 
against simulated TTC for combined-cue (red squares) and biocular (blue diamonds) 
conditions. Note, different scales of error axis between observers.
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responses to simulated TTCs of 1.8s and 3.2s. From these results, we cannot conclude 
that systematic error varies with simulated TTC in a simple manner for all observers, 
as previously postulated (section 6.3.5).
Discarded data6.4.3.4 
Anomalous response patterns6.4.3.4.1 
As addressed in section 6.3.3.5.1 above, in order to quantitatively compare 
conditions, it is necessary to obtain a PSE value of onset-flash time taken from the 
point at which observers’ percentage of ‘before’ responses (i.e. “stimulus would 
contact me before flash”) reaches 50%. Observers CL and CM gave very few ‘before’ 
responses for biocular conditions across all simulated TTCs, as shown in figure 6.17, 
and therefore did not yield PSE values in the biocular condition. Their data could not 
be quantitatively compared and so their data were discarded from further analysis. 
Anomalous response patterns. Percentage of ‘before’ responses plotted Figure 6.17 
against onset-flash time for each simulated TTC. The top row shows data from 
combined-cue condition, the bottom row shows data from biocular condition. The 
left column gives observer CL’s data, right column gives observer CM’s data.
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Using TTC information6.4.3.4.2 
As previously described (section 6.3.3.5.2), it is important to check that observers 
are sensitive to TTC information in the stimuli. This is demonstrated by an increasing 
percentage of ‘before’ responses with increasing onset-flash time, i.e. longer intervals 
between stimulus offset and flash onset should result in more ‘before’ responses. 
Another indicator that TTC information is used to complete the task is increasing 
TTC estimates with increased simulated TTC. In figure 6.18, this is reprsented by the 
horizontal separation of curves for the different simulated TTCs, such that the PSEs 
obtained from the data (corresponding to 50% ‘before’ response frequency) increase 
with simulated TTC condition. This can be seen for observers AA and CJ in figure 
6.18. Observer AA shows little difference between response patterns for simulated 
TTCs of 1.8s and 2.5s, but a large difference between these and simulated TTCs of 
3.2s (PSEs increase by approximately 1s). 
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onset-flash time for all three simulated TTCs. Lines from fitted cumulative-Gaussian 
detailed in section 4.6.2. Data from combined-cue condition only.
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The percentage of ‘before’ responses obtained from observer CK for combined-
cue stimuli under the shortest simulated TTC (1.8s) was above 70% for the entire 
range of onst-flash times, yielding an extremely low (negative) estimate from the 
fitted curve (see figure 6.18). This value does not reflect the observer’s estimate 
- as they could not perceive the target stimulus as having contacted them before 
the time of its onset, and so this value is not used for analysis. It is unclear why 
this anomaly occurred for this observer under these conditions, however, data for 
all other condition combinations for this observer are in keeping with the use of 
TTC information.Regression analysis showed that simulated TTC had a significant 
relationship with TTC estimates of biocular stimuli for observers AA (p < 0.03) and 
CK (p < 0.01), and of combined-cue stimuli for observer CJ (p < 0.01). We concluded 
that the patterns of response suggest that these observers (AA, CJ and CK) were able 
to make use of TTC information in their response decisions.
Discussion6.4.4 
We comment briefly on the results of this experiment here, but save discussion of 
these results in relation to those from experiment 3 and other relevant literature for 
the general discussion below.
Effect of binocular information6.4.4.1 
Overall, observers gave the shortest TTC estimates in combined-cue conditions (see 
figures 6.13 and 6.14), although this difference in estimates was not significant in all 
cases. 
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Error6.4.4.2 
Findings pertaining to errors in responses were similar to those of experiment 3, with 
the ranges of systematic and random errors varying substantially between observers 
(see figures 6.15, p.211, and 6.16, p.212). Also, as in experiment 3, we found no 
consistent effect of viewing condition on random errors, or effects of simulated TTC 
on systematic error across observers using simulated TTCs of 1.8-3.2s. We explore 
these data across experiments in sections 6.5.2 (systematic error) and 6.5.3 (random 
error) below.
General Discussion6.5 
Effect of Binocular Information on TTC Estimation6.5.1 
We found TTC estimates under combined-cue conditions to yield the most 
conservative TTC estimates. This effect was statistically significant for simulated TTCs 
of 6.4s, 5s, 3.6s, and for one observer at the simulated TTC of 2.5s (observer AA). 
Observers AA and CJ underwent testing in both experiments, and showed greater 
differences in estimates between combined-cue and biocular conditions for the 
three longer simulated TTCs in experiment 3 than for the shorter simulated TTCs in 
experiment 4. 
There were no differences in TTC estimation between biocular and monocular 
conditions for any observer when tested in experiment 3. This suggests that the 
incongruent binocular information present in the biocular condition is ignored, and 
that TTC judgements for these stimuli were based on monocular cues to TTC only. 
This finding implies that TTC experiments using biocular stimulus conditions to 
investigate the effects of monocular TTC cues are not contaminated by the conflicting 
binocular information. It also suggests that results obtained under biocular conditions 
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are comparable to those from monocular conditions under the tested parameters. 
These findings were assumed implicitly in previous research into TTC perception, 
this is the first explicit comparison of biocular and monocular viewing conditions 
that we are aware of.
Effect of Simulated TTC on Systematic Error 6.5.2 
We previously postulated that shorter simulated TTCs might produce a smaller 
magnitude of error than found for the longer simulated TTCs presented in experiment 
3. Figure 6.19 plots the systematic errors and standard deviations of estimates from 
observers AA and CJ for all six simulated TTCs: 3.6s, 5s and 6.4s from experiment 3, 
and 1.8s, 2.5s and 3.2s from experiment 4. Observer AA shows a general trend of 
increased underestimation with increasing simulated TTC. This is also shown by the 
averages of observer AA’s errors in the combined-cue condition for each experiment, 
with -26.3% for the shorter simulated TTCs in experiment 4, in comparison to -42% 
for experiment 3. They showed a similar increase in underestimates for the biocular 
Systematic error and simulated TTC. Systematic error, defined as Figure 6.19 
percentage of simulated TTC, plotted against simulated TTC for all six simulated TTCs 
across experiment 3 and experiment 4. Combined-cue condition data (red squares) 
and biocular (blue diamonds) are shown only, with standard deviations. Note, different 
scales for systematic error axis between observers.
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condition, where shorter simulated TTCs led to an average error of -6.5%, and longer 
simulated TTCs led to -20.2%. However, there is no evidence that these trends are 
statistically significant.
Observer CJ shows a clear difference in the pattern of errors between experiments 3 
and 4. They yielded overestimates for simulated TTCs below 3.5s, with overestimation 
decreasing as simulated TTC increases. However, error remains relatively constant 
for simulated TTCs of 3.6s and longer. Their average error for the shorter simulated 
TTCs in experiment 4 was 41.7% for the combined-cue condition and 59.6% for 
the biocular condition, in comparison with -32% and -20.9%, respectively, for 
experiment 3. Whereas observer AA’s error increases with simulated TTC, observer 
CJ’s error decreases from substantial overestimation, and plateaus at around -20% for 
biocular stimuli and -30% for combined-cue stimuli.
We previously cited Gray and Regan’s (1998) reports of small errors in TTC estimation 
for simulated TTCs under 3 seconds as a reason to expect smaller error ranges from 
shorter simulated TTCs. This was also supported by the trends in our own data 
from experiment 2, where underestimation of TTC increased with simulated TTC. 
However, the range of errors in our observers’ data is substantially larger than the 
maximum systematic errors in combined-cue (3%) and biocular conditions (12%) 
reported by Gray and Regan (1998). As can be seen throughout the data in this thesis, 
we find large individual differences in both systematic and random error, as well as 
for condition effects. It is possible that differences in findings between studies is due 
to individual differences, which is exacerbated by variation in task and stimuli. 
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The results of experiments 2 and 3 suggest that the use of a comparison judgement 
task reduces the systematic error in TTC estimation (see section 6.3.4.5) relative to 
absolute judgement tasks. Indeed, Heuer (1993) reported overestimates of up to 50% 
in biocular conditions across all observers, and approximately 20% for combined-
cue targets for simulated TTCs of 2s (approximated from their figure 4c, p559). 
This error level lowered for simulated TTCs of 4s, where biocular target TTCs were 
overestimated by 20%, and combined-cue stimuli yielded approximately veridical 
responses. However, as this research reports data that have been combined across 
observers (n = 8), we cannot distinguish the effects of individual variation that 
contribute to this. 
Effect of Simulated TTC on Random Error 6.5.3 
We previously noted that the use of shorter simulated TTCs may account for 
differences in estimate variance found between our previous results and those of 
Gray and Regan (1998), and that by employing shorter simulated TTCs we might 
obtain less estimate variance. The standard deviation of estimates (i.e. of mean fitted 
PSE value as obtained via Monte-Carlo simulation) for all six simulated TTCs are 
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Random error across simulated TTC. Standard deviation (expressed as Figure 6.20 
percentage of simulated TTC) plotted against simulated TTC  for combined-cue (red 
squares) and biocular (blue diamonds) stimuli from experiments 3 and 4.
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plotted as a percentage of the simulated TTC in figure 6.20 for observers AA and 
CJ. These figures show that, contrary to our expectations, both observers’ standard 
deviation appears to decrease with increased simulated TTCs within the tested 
parameters. Observer CJ shows a substantial decrease in standard deviation from 
simulated TTCs of 1.8s to 3.6s, which then plateaus for longer TTCs, similar to their 
results for systematic error (see figure 6.19). Observer AA’s standard deviation of 
estimates under combined-cue conditions shows a similar, if less dramatic, trend 
to CJ’s data, however, the data for biocular stimuli show a less clear trend, and no 
statistical effects were recorded.
Comparator Flash Ranges6.5.4 
The range of times at which the flash occurred with respect to the simulated TTC 
differed between the two experiments. Figure 6.21 shows the range of onset-flash 
times for each simulated TTC condition, with onset-flash times indicated by thin 
black lines, and the simulated TTC indicated by large red lines. Table 6.2 Gives the 
Onset-flash ranges for all simulated TTC conditions. Simulated TTCs Figure 6.21 
of 1.8, 2.5 and 3.2s from experiment 4, simulated TTCs of 3.6, 5, and 6.4s from 
experiment 3. Black lines indicate presented onset-flash times, large red lines denote 
simulated TTC.
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value of all onset-flash times used in experiments 3 and 4. The longer simulated TTCs 
presented in experiment 3 (3.6-6.4s) used an onset-flash range that was appropriate 
to our findings in experiment 2, and preceded the simulated TTC in 20/21 trials. 
Experiment 4, however, presented the flash at times before (8/20 trials) and after the 
simulated TTC (9/20 trials), as well as at the simulated TTC (3/20).
In section 6.3.4.3, we postulated that the range of onset-flash times might  artificially 
influence responses. For example, if an observer assumed that the flashes preceded 
the simulated TTC in 50% of trials, and followed TTC in the remaining 50%, then 
they may have adjusted their responses to reflect this. This strategy would result in 
their PSE falling at the centre of the onset-flash range. For experiment 3, this would 
lead to underestimates, and, as illustrated by figure 6.21, the magnitude of these 
underestimates would increase across the simulated TTC conditions of 3.6s, 5s and 
6.4s. As the flashes in experiment 4 occurred at times both before and after the 
simulated TTCs, adopting the ‘50% response strategy’ would lead to near-veridical 
estimates for simulated TTCs of 2.5s and 3.2s, and possibly overestimates for 
simulated TTCs of 1.8s, as more flashes followed the simulated TTC than preceded it 
in this condition.
Simulated 
TTC
Order of flash in range
1 2 3 4 5 6 7
Expt 3
1.8s 0.9 1.3 1.8 2.3 2.7 3.2 -
2.5s 1.1 1.6 2.0 2.5 3.0 3.4 3.9
3.2s 1.8 2.3 2.7 3.2 3.7 4.1 4.6
Expt 4
3.6s 1.2 1.4 1.8 2.3 2.8 3.3 3.8
5.0s 1.7 2.1 2.5 3.0 3.5 4.0 4.5
6.4s 2.4 2.8 3.2 3.7 4.2 4.7 5.2
Order of onset-flash times within range. Lists the onset-flash times in order Table 6.2 
of duration for each simulated TTCs used in experiments 3 and 4.
204
Binocular Vision and 3-D Motion Perception
To investigate the possible effects of using these two types of comparison flash 
ranges (centred around simulated TTC, and preceding simulated TTC), we compared 
responses from all onset-flash times across all simulated TTCs. If the observers adjust 
their responses to fit the range of onset-flash times, then their response patterns 
should be similar across simulated TTCs, when adjusted for differences in flash times 
between ranges. We replotted responses against the order of flash, i.e. 1st or 2nd, 
within it’s onset-flash range, so that response patterns for each simulated TTC could 
be compared relative to the range of comparator flash times, as opposed to the 
onset-flash times. Table 6.2 gives the onset-flash times used for each simulated TTC 
condition, and the order of that onset-flash time within the presented range. For all 
simulated TTCs, the shortest onset-flash time is the 1st in the range, with the longest 
being the last in the range. 
Figure 6.22 plots the percentage of ‘before’ responses against the order of the flash 
within its tested range. If observers adjust their responses to the flash range, then we 
would expect all the simulated TTC curves to be very similar.  Observer CJ appears 
to show quite similar response patterns for all simulated TTCs, although it does not 
appear that this observer is using a ‘50% strategy’, as we would then expect curves 
that cross the 50% ‘before’ response point at the fourth flash in each range (i.e. mid-
point). Observer AA shows a difference in patterns between experiments 3 and 4, 
with experiment 3 obtaining 50% ‘before’ responses at around the second flash in 
the ranges for combined-cue stimuli, and experiment 4 yielding 50% around the 
fourth flash in the ranges. This is consistent with the simulated TTCs in experiment 3 
being longer than those in experiment 4 relative to their range of comparator flashes. 
That is, the onset-flash times for experiment 3 preceded their simulated TTC more 
often than flashes in experiment 4 (as shown in figure 6.21).
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Therefore, we can conclude from these results that observer AA does not respond 
using only the range of flash times. However, we cannot conclude that observer CJ 
does adjust their responses based on the flash range, as their pattern of responses 
would also be expected if we had chosen appropriate flash ranges for the two sets of 
simulated TTCs. That is, the ranges of flashes used in the two experiments reflected 
the estimated TTCs 
It is possible that observer CJ’s response pattern does not reflect a strategy of 
adjustment to the range, but that they naturally underestimate long TTCs (over 3.5s), 
and overestimate short TTCs (under 3.5s), and the ranges of flash times employed in 
our experiments are appropriate. In order to further explore the effects of flash range 
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on this observer’s response patterns, we would need to obtain additional data using 
multiple ranges of flashes and simulated TTCs.
As all three simulated TTCs were presented in random order within each block of 
trials, it seems that adopting a strategy of responses based on each range of flash 
times might be difficult. It is plausible that observers may have adjusted some 
responses based on a strategy of constant probability across each block of trials. 
However, If observers based their responses solely on the comparator flash ranges, 
and not the information contained within target stimuli, then we would not anticipate 
any differences in estimates between any conditions. Yet this is clearly not the case. 
In figure 6.22 there is a clear difference in responses between combined-cue and 
biocular conditions, especially for observer CJ. Therefore, if the range of flashes does 
affect responses, we conclude that this influence must be somewhat weak, and does 
not null effects of TTC information type found for the observers analysed here.
Conclusions6.6 
We conclude that binocular information that is congruent with monocular looming 
information can have an effect on TTC judgement. In our experiments it has led to 
more conservative TTC estimates than other conditions for the majority of observers. 
This effect is statistically significant for longer TTCs (3.6-6.4s), and although not 
statistically significant for shorter TTCs, is still apparent from the data. We have 
also found that the presentation of biocular stimuli for a TTC task appears to evoke 
responses based only on the monocular TTC cues in the stimulus, whilst conflicting 
binocular information is ignored.
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Importantly, we have found that RDT stimuli are adequate for TTC estimation, and 
can reveal an effect of binocular information on TTC judgement. We therefore have 
reason to expect that RDT stimuli can be used to explore the roles of CD and IOVD 
information for influencing TTC judgements in our next experiments.
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The use of CD and IOVD Information  7. 
for TTC Perception
Introduction7.1 
In this chapter, we address the use of different types of binocular information in TTC 
judgement. We compare TTC judgements made using stimuli that were manipulated 
to alter the availability of changing disparity and inter-ocular velocity difference 
information.
Literature on the contribution of binocular information to TTC estimates is largely 
interpreted in terms of vergence (e.g. Heuer, 1993) and changing disparity (e.g. 
Gray & Regan, 1998). As previously discussed in the TTC introduction chapter 
(section 3.4.2.3), in principle, both changing disparity (CD) and inter-ocular velocity 
differences (IOVD) can be used to gain motion-in-depth (MID) information. Previous 
TTC research has used stimuli that contain both CD and IOVD information, and so 
the potential effects from these two information sources cannot be separated. Here, 
we directly address the issue of distinguishing between the use of these sources of 
information for making TTC judgements.
Experiment 5: Use of CD and/or IOVD Information for TTC 7.2 
Perception
Overview7.2.1 
In experiments 3 and 4, we found that binocular information could influence TTC 
judgements. The combined-cue condition contained both CD and IOVD information, 
as well as looming cues to TTC. The following investigation addressed the different 
effects of these two binocular cues to MID on TTC judgement, and consisted of 
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three component experiments. The primary experiment, 5.i, directly compares TTC 
estimates made under conditions manipulated for the availability of the two binocular 
cues to MID information. The second experiment, 5.ii addressed the possibility that 
differences in responses could be linked to differences in the perception of dynamic 
(i.e. changing) and constant dot patterns, both of which are used in the primary 
experiment. The third experiment, 5.iii, examines whether the observers used TTC 
cues to inform their responses, as we have found that many observers’ responses do 
not appear to be related to differences in simulated TTC. 
Firstly, we introduce each experiment in turn, addressing the driving rationale along 
with the predicted pattern of results, then we will detail the methodologies for these 
three experiments. Finally, we present the results for each experiment, followed by a 
discussion of the data. 
Aims and Predictions7.2.2 
Experiment 5.i: Primary experiment7.2.2.1 
This experiment explored the effects of CD and IOVD information on TTC estimation. 
The dot patterns in RDT stimuli were generated by utilising temporal and binocular 
correlation of dots to convey both CD and IOVD information, CD only or IOVD 
only. The composition of target stimuli is detailed in methods section 4.4.3. 
As with all of our TTC stimuli, targets consisted of randomly positioned dots within 
a disc, the boundary of which expanded over the duration of stimulus presentation, 
leading to the monocular cue of looming. Figure 7.1a illustrates the change in target 
images presented to each eye over time (1-3) in a binocular stimulus. This shows that, 
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when incorporating CD and IOVD into the target stimuli, manipulation of individual 
dots is such that the boundary of the dot pattern undergoes lateral displacement. 
For binocular MID information, the target dot patterns are presented with a 
progressive lateral displacement between the two eyes’ images to convey the change 
in disparity and IOVD, hence the boundary also shifts with these dot patterns. The 
movement of the boundary apparent to each eye is largely correlated between 
the two eyes, and over time, regardless of the correlation of individual dots within 
the boundaries. This leads to the boundary itself containing both CD and IOVD 
information, as well as looming information. It is therefore possible that estimates 
of TTC could be based on boundary information alone, and not on the information 
conveyed by the dot patterns, which were the focus of our investigation. 
L LR R
Time 3
Time 2
Time 1
Time 3
Time 2
Time 1
a) b)
Binocular TTC targets. Illustrates left (L) and right (R) eye half-images Figure 7.1 
for binocular targets at three points in time during presentation (1, 2, 3). Boundary 
indicated by dashed line, but not presented explicitly in target stimuli. a) random dot 
pattern containing CD and IOVD information within the dot pattern as well as in the 
boundary. b) dot pattern containing no consistent CD or IOVD information internally, 
TTC information from boundary only.
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To explore the use of CD and IOVD information in TTC judgement, we compared 
performance across different types of random-dot target stimuli: i) both CD and 
IOVD information, ii) CD information only, iii) IOVD information only. These stimuli 
all contain boundary information as detailed above, although the dot patterns vary 
in the content of CD and IOVD information. To control for the use of boundary 
information, we also compared performance on a target type for which the dot 
pattern conveyed no consisyent CD or IOVD information, but the boundary of the 
pattern contained the same information as all other conditions (see figure 7.1b). 
That is, the dots within the target were not correlated between the eyes or over 
time, giving no consistent CD or IOVD information, but the boundary shifted and 
expanded as in all conditions. If observers based their responses only on boundary 
information, then we would expect no difference in results between this and other 
conditions. If, however, they used only information conveyed by CD and/or IOVD 
cues from within the dot pattern, then we would expect very different results when 
only boundary information indicates TTC, in comparison to other target types.
As there has been no previous work comparing the use of CD and IOVD information 
for TTC judgements, we cannot make directional predictions pertaining to the 
use of the two binocular sources of information for TTC judgement. Our previous 
experiments have shown that more, consistent, information about TTC leads 
to shorter estimates. In both experiments 2 and 3 it was found that stimuli that 
included congruent binocular and monocular cues to TTC tended to yield shorter 
TTC estimates than those stimuli with less coherent TTC information. We therefore 
expected that stimuli containing both CD and IOVD information within the target 
pattern should yield the most conservative estimates, and that the longest TTC 
estimates would be found for target stimuli in which motion information is available 
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only from the boundary of the dot pattern. Figure 7.2 illustrates this expected pattern 
of results.
Experiment 5.ii: Effect of flicker on speed perception7.2.2.1.1 
In the primary experiment, 5.i, two target types were comprised of dot patterns 
that were not temporally correlated, i.e. the dot pattern changed every 70.5ms, 
and therefore appeared to flicker. This included the condition in which only CD 
information was made available within the dot pattern, and where only boundary 
information indicated TTC. These are referred to as dynamic dot pattern stimuli. The 
other conditions contained dot patterns that were temporally correlated, i.e. the dot 
pattern presented to each eye persisted over time. We refer to these as constant dot 
pattern stimuli. In experiment 5.ii we controlled for the possibility that differences in 
responses could be linked to differences in the perception of dynamic and constant 
dot patterns.
CD + IOVD CD only IOVD only Boundary only
Target Type
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C
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Predicted pattern of TTC estimates for experiment 5.i. TTC estimates Figure 7.2 
plotted for each stimulus target type. Note, graph depicts prediction, not actual data.
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It is possible that the flickering of dots in dynamic dot patterns could affect speed 
and TTC judgements, or increase the noise in the visual input relative to stimuli 
containing constant dot patterns (Harris & Watamaniuk, 1996). Brooks and Stone 
(2008 ECVP poster) found that dynamic RDT stimuli were perceived, on average, 
as 20% faster than constant dot pattern RDT stimuli of the same simulated speed 
(referred to as DRDS and RDS in published abstract respectively). The stimuli 
presented in their experiment consisted of dot patterns of a fixed boundary size, 
presenting cue-conflict between looming information (indicated no motion) and the 
available binocular cues to motion (indicated approaching/receding motion). Brooks 
and Stone (2008) stated that the ‘flicker’ in dynamic RDT stimuli produces noise that 
reduces the weight of information from IOVD and looming cues that indicate no 
motion, so that the cue-conflict reduces speed perception only marginally. However, 
as the constant RDT contains no noise to these cues, the weight of the looming 
cue is more substantial, and perceived speed is therefore decreased. The authors 
concluded that the influence of cue-conflict on MID perception may have been 
greater for constant RDT stimuli than for dynamic RDT stimuli.
Brooks and Stone’s (2008) experiment did not test speed judgement of looming 
RDTs of dynamic and constant dot pattern stimuli using the same task parameters, 
and so the magnitude of the effect of cue-conflict was not measured explicitly. 
Consequently, Brooks and Stone’s (2008) results do not directly address the potential 
differences in speed perception of dynamic and constant dot patterns, but rather the 
effect of dynamic dot patterns on the magnitude of cue-conflict effects from non-
looming TTC stimuli.
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All of our stimuli included looming information that was consistent with the TTC 
simulated by CD and/or IOVD information, removing the possibility of cue-conflict 
between looming and binocular TTC information. However, it is possible that noise 
from the lack of temporal correlation in dynamic dot patterns may result in less 
weight being attributed to the absence of IOVD information, which is inconsistent 
with the simulated TTC. For example, if the absence of IOVD information were to 
bias observers toward longer TTC estimates, then adding noise to the overall stimulus 
signal may reduce the weight of this bias. Furthermore, noise may also reduce the 
influence of looming, IOVD and CD information available from the boundary of 
dynamic dot pattern stimuli, and CD information from within the dynamic RDT, 
which are all consistent with the simulated TTC of the dynamic target. As a result, in 
theory, noise from dynamic patterns may not only reduce the effect of inconsistent 
IOVD information, but also reduce the effects of consistent TTC information. 
The precise source and magnitude of interference from noise in dynamic dot 
pattern stimuli remains unclear for MID. Ideally, we would measure differences in 
the perceived TTC of constant and dynamic dot patterns. However, we could not 
perform a fair test of MID perception between these stimulus types, as cues to MID 
are inherently linked to the temporal correlation of an object’s component elements. 
That is, monocular motion, and therefore IOVD information, is available only when 
dot patterns are temporally correlated (see section 1.6.3). Hence, a comparison of 
constant and dynamic dot patterns in a MID task does not isolate the effect of flicker 
in dynamic patterns, but also invokes effects of other factors on MID perception.
If flicker has an effect on perceived motion in general, then we may obtain evidence 
of this with lateral motion perception. If lateral motion of dynamic dot patterns is 
consistently reported as faster/slower than constant dot pattern stimuli, then we may 
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also find effects of flicker in MID and TTC judgement. A number of studies have 
demonstrated effects of temporal frequency on speed perception in the frontoparallel 
plane (Giaschi & Anstis, 1989; Disch, De Valois & Takeuchi, 2003, Disch & De 
Valois, 2007; Treue, Snowden & Andersen 1993). Yet, there does not appear to be 
research that compares dynamic and constant dot pattern stimuli analogous to those 
used in experiment 5.i, in which all dots in a pattern were simultaneously relocated 
within the target boundary at a rate of 14.2Hz. 
Treue et al. (1993) investigated the perceived speed of frontoparallel motion of 
random-dot patterns, manipulating the lifetime of individual dots. They found that 
presenting dots for a shorter duration, before replotting them within the stimulus, 
increased perceived velocity of patterns moving at speeds of 4-6º/s, whilst no effect 
occurred at speeds of 12º/s. In experiment 5.i, the target stimulus appeared to move 
in depth  at 47.2 cm/s, therefore, each eye was presented with a dot pattern moving 
laterally at an average speed of approximately 0.46º/s, much slower than the stimuli 
presented in Treue et al.’s (1993) experiment. Therefore it is not possible to infer what 
effect might occur at the speeds presented in experiment 5.i.
As we cannot reliably predict the effect of temporal correlation on TTC judgements 
made in experiment 5.i, a control experiment was performed. Experiment 5.ii 
compared frontoparallel speed judgements for dynamic and constant dot pattern 
stimuli similar to those used in the primary experiment to investigate the effect of 
dynamic dot patterns on speed perception in our TTC task. We compared trials in 
which observers viewed two intervals of lateral stimulus motion, and subsequently 
indicated which interval contained the fastest stimulus. In 50% of the trials, observers 
were presented with one constant dot pattern, and one dynamic dot pattern; the 
remaining trials consisted of the same type of dot pattern for each interval. Where 
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intervals contained different dot pattern types (DIFF trials), we were able to measure 
the difference in speed required for the two dot patterns to appear equal in speed 
(see analysis section 7.2.3.2.4 below). Trials where intervals contained the same dot 
pattern type (SAME trials) yielded a general measure of variability in the observer’s 
discrimination judgements. Therefore, we were able to identify both order effects 
and general inability to discriminate speeds between consecutive intervals.
Figure 7.3 Illustrates five different patterns of results that we may expect to find. For 
DIFF trials (dark bars), this is defined in terms of dynamic dot pattern speed bias, 
with positive values indicating that the dynamic dot pattern is perceived as faster 
than the constant dot pattern, and negative values indicating the converse. For SAME 
trials (light bars), the speed bias is defined in terms of the second stimulus interval, 
such that positive values indicate that the second stimulus was perceived as faster 
than the first. 
Potential response patterns for experiment 5.ii. Plots speed bias, i.e. the Figure 7.3 
speed difference required to equalise perceived speed of constant and dynamic dot 
pattern stimuli (dark grey bars), and 1st and 2nd intervals of same dot pattern type 
(light grey bars). ‘Poor discrimination’ example includes bars indicating ±1 standard 
deviation. Note, examples of possible patterns, not actual data.
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The first example in figure 7.3 shows veridical responses, with no speed bias in 
either DIFF or SAME trials. The second example illustrates a bias towards perceiving 
dynamic dot pattern stimuli as faster than constant stimuli, whilst general ability to 
discriminate speed between trials of the same type of stimulus remains veridical. 
Therefore the bias in DIFF trials cannot be accounted for by general inability to 
discriminate speed between two consecutive intervals. The converse is shown in the 
third example, with constant dot patterns perceived as faster. The fourth example 
illustrates a strong order effect; DIFF trials were counterbalanced for order, therefore 
an order bias that is stronger than any target type bias will lead to a response 
pattern of low speed bias for DIFF trials. However, order effects become apparent 
from the results of SAME trials. The  final example in figure 7.3 shows poor speed 
discrimination for both types of trials, as shown by the large standard deviations in 
response. 
In general, the research suggests that increased ‘flicker’ can increase the perceived 
velocity of stimuli (e.g. Giaschi & Anstis, 1989; Disch, De Valois & Takeuchi, 2003,; 
Treue et al., 1993), leading to our experimental hypothesis that the presence of 
temporal correlation of dot patterns affects speed perception. This would manifest 
itself in responses similar to those in the ‘flicker bias’ example of figure 7.3. Our null 
hypothesis is that the presence of temporal correlation of dot patterns does not affect 
speed. This would be demonstrated by results similar to the ‘veridical’ example in 
figure 7.3.
Experiment 5.iii: Use of TTC information7.2.2.2 
This experiment explored whether observers were in fact using TTC cues to inform 
their responses. Many participants’ data were discarded from analysis in previous 
chapters due to the fact that they appeared to base their responses on non-TTC 
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variables, such as the onset-flash time. This experiment aimed at distinguishing 
those observers who use TTC information from those who do not, by presenting 
three different simulated TTCs, each presented in conjunction with one of two 
speeds by manipulating initial distance. Figure 7.4 shows three possible patterns of 
responses (not actual data), figure 7.4a illustrates the expected pattern of results from 
an observer who bases responses on simulated TTC information. Figure 7.4b shows 
a pattern of responses that are not based on TTC information, with TTC estimate 
independent of simulated TTC. Figure 7.4c gives a pattern indicative of responses 
based on speed, this is shown by the separation of estimates between the two speed 
conditions, and the increase with simulated TTC.
In experiment 3, 4 out of 9 observers (i.e. 44%) demonstrated the use of TTC 
information to complete the task, in experiment 4, 3 of the 5 tested observers (i.e. 
60%) demonstrated this. Based on these findings, we would expect that roughly half 
of the tested observers in experiment 5.iii would respond in a manner consistent 
with TTC information use (see figure 7.4a).
Potential response patterns for experiment 5.iii. TTC estimates plotted Figure 7.4 
against simulated TTC for both fast (1.7m initial distance; dashed line) and slow (1.6m 
initial distance; unbroken line) stimuli. a) TTC use. b) No TTC use. c) Responses based 
on speed. Note, not actual data.
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Methods7.2.3 
We describe the methods for the three experiments separately before reporting the 
results.
Experiment 5.i Primary experiment7.2.3.1 
Observers7.2.3.1.1 
16 naïve participants, who were paid for their time, and the author participated in 
this experiment (6 male, 11 female). 
Stimuli7.2.3.1.2 
The target stimuli consisted of a circular boundary of simulated diameter 4cm, 
containing 35 dots (each of 2.1 min arc). All stimuli had an initial distance of 1.7m, 
therefore the target RDT subtended 1.64º visual arc at the onset of each trial. Every 
trial began with a 3s fixation cross surrounded by a reference frame of randomly-
positioned dots as described in the general TTC methods chapter (4.4.4). After 
fixation, the target stimulus appeared and approached the observer for a duration 
of 1.2s. A single simulated TTC value of 3.6s was used for all stimuli, and a range 
of onset-flash times (i.e. time between target stimulus onset and comparator flash) 
between 1.2s and 3.8s as used in experiment 3 (1.2s, 1.4s, 1.8s, 2.3s, 2.8s, 3.3s and 
3.8s). 
Five different target stimulus conditions were presented, the stimuli containing 
both CD and IOVD information was similar in composition to the combined-cue 
condition used in experiments 2, 3 and 4. Correlation of dot patterns between the 
half-images presented to each eye (i.e. binocular correlation) yielded disparity values 
that varied throughout the stimulus presentation duration to convey CD information. 
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The temporal correlation of dot patterns enabled a lateral motion of the dot pattern 
in each eye, yielding IOVD information from the comparison of these monocular 
motions. This target stimulus type will henceforth be referred to as the combined 
random-dot target (CRDT).
The dynamic random-dot target (DRDT) conveyed only CD information, as the 
dot pattern was binocularly correlated, but not temporally correlated. Two types 
of temporally correlated RDT were presented, in which IOVD was isolated by 
removing binocular correlation between random-dot patterns presented to each eye. 
One type consisted of different random-dot patterns in each eye’s half-image with 
no restrictions on dot position (see figure 7.5), we refer to this as the unrestricted 
TCRDT (TCRDTu). This could potentially lead to dots in similar locations within each 
half-image being matched and fused into a single dot. This would then convey CD 
information as the dot-patterns moved laterally in opposite directions in the two half-
images. We therefore used another temporally-correlated RDT stimulus, restricted 
TCRDT (TCRDTr) that was based on the rationale of Shioiri et al. (2000). To remove 
the possibility of matching dots between the left and right eyes’ images, horizontal 
bands of temporally-correlated RDT were presented, alternating in vertical location 
Unrestricted TCRDT stimuli. Left and right eye half-images shown Figure 7.5 
containing different dot patterns.
Left eye half-image Right eye half-image
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between the two eyes. Therefore, in the vertical position in which one eye received 
a temporally-correlated RDT, there was no dot pattern in the other eye, and hence 
no dots could be matched binocularly. Shioiri et al. (2000) found that, when no 
binocular matching could occur, observers were able to detect motion-in-depth, 
and discriminate direction, suggesting that IOVD was able to account for motion-in-
depth perception, and that such stimuli were able to produce a percept of motion-
in-depth.
Figure 7.6 illustrates how the dot patterns presented to each eye were split into 
horizontal bands (0.61cm simulated height; 12.3 min at distance of 170cm) that were 
separated by thin bands where no dots were located (0.07cm simulated height; 1.4 
min at a distance of 170cm), so that dot matches between the two half-images could 
not occur. The size and spacing of the horizontal bands of random-dot patterns 
presented to each eye was determined by pilot testing on the author. The size 
and displacement of the random-dot bands were adjusted until the stimulus was 
perceived as a coherent disc, with no fusion of dots between the images presented 
to the two eyes. 
Restricted TCRDT stimuli. See text for details.Figure 7.6 
Stimulus Boundaries
Left eye half-image
Right eye half-image
Fused Percept
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The left-most box in figure 7.6 illustrates the boundaries within which dots were 
randomly placed. The wide bars (≥12.3 min in actual stimuli) denote the areas that 
dots can be located; light-grey bars denote the area for placing dots shown to the 
right eye, darker grey bars denote area for left-eye image dots. The thinner dark 
lines between these bars show the spaces between boundaries for left- and right-
eye image dots. The two central boxes in figure 7.6 show the type of stimulus image 
presented to the left and right eyes separately. When these are viewed simultaneously, 
the observer automatically fuses the two images into a coherent disc of randomly-
located dots, as illustrated in the right-most box in figure 7.6.
The fifth target stimulus condition controlled for the use of boundary information, as 
previously mentioned. The random-dot patterns in this stimulus were not binocularly 
or temporally correlated, and therefore conveyed neither CD nor IOVD information. 
However, as with all target stimuli in this experiment, the boundary of the random-dot 
patterns was temporally and binocularly correlated, presenting both CD and IOVD 
information, as well as looming. This was referred to as the uncorrelated random-dot 
target (URDT). Table 7.1 sets out the types of target stimuli, their acronyms, random-
dot composition and the binocular motion-in-depth information they are generated 
to convey.
Target type details. Lists acronym reference, type(s) of correlation of dots Table 7.1 
within the target, and the binocular information that this yields.
Target Type Ref. Correlation
Binocular MID 
information
Combined RDT CRDT
Binocular and 
temporal
CD and IOVD
Dynamic RDT DRDT Binocular CD only
Unrestricted temporally-correlated RDT TCRDTu Temporal IOVD only
Restricted temporally-correlated RDT TCRDTr Temporal IOVD only
Uncorrelated RDT URDT None Boundary only
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Procedure7.2.3.1.3 
As previously described in the general TTC methods chapter (section 4.5.3) according 
to comparator task set-up.
Five target stimulus conditions were presented, each with seven onset-flash times, 
leading to 35 unique stimulus combinations. Every block of trials contained each 
of the 35 trials in a pseudo-random order, and took an average of approximately 8 
minutes to complete. Three practice blocks were tested with each participant first 
to give them familiarity with the task - the data from these blocks were not used 
in analysis. Participants were then tested with 20 blocks over a number of sessions 
- usually 4 blocks per session, which were completed on different days. Between 
blocks, participants were encouraged to rest their eyes and re-adjust to normal 
lighting conditions.
Analysis7.2.3.1.4 
As before, responses were measured in terms of percentage of ‘before’ responses 
(i.e. where the participant indicated that the stimulus would contact them before the 
flash) for each target-onset-flash combination. When plotted against onset-flash time 
and fit with a cumulative Gaussian curve, the PSE was taken as the measure of TTC 
estimate for comparison between target stimulus types. To measure group effects of 
target type, a repeated-measures ANOVA test was applied to the necessary data, and 
Bonferroni-corrected t-tests were used for pairwise comparisons. For within-subjects 
comparisons of conditions, z-tests were employed, using the standard deviation of 
estimates from the Monte-Carlo simulation performed on the data (1,000 throws).
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Experiment 5.ii: Effect of flicker on speed perception7.2.3.2 
The second experiment in this investigation controlled for differences between speed 
perception of temporally uncorrelated, dynamic, and temporally correlated, constant, 
target dot patterns. This compared observers’ judgements of speed in a 2-interval 
forced choice task, for lateral movement of target stimuli that were comprised of 
either dynamic or constant dot patterns.
Observers7.2.3.2.1 
10 of the observers that had participated in experiment 5.i were tested, 3 male and 7 
female, and the author.
Stimuli7.2.3.2.2 
The target stimuli consisted of a circular boundary of simulated diameter of 4cm, 
subtending 1.64º diameter at the 1.4m depth plane of the screen. Target stimuli were 
presented identically to the two eyes, and were either temporally correlated (constant) 
dot patterns, or the dot pattern changed randomly every 70.5ms (dynamic). Targets 
were presented in pairs of intervals, from one of four permutations: i) constant, 
dynamic, ii) dynamic, constant, iii) constant, constant, iv) dynamic, dynamic. The 
difference in speed between the first and second interval target stimuli was taken 
from one of 8 predefined values between 1.8 and -1.8cm/s (±0.78º/s). Trials used one 
of three orders of presentation duration for intervals one and two: I) 470ms, 705ms, 
II) 705ms, 470ms, III) 588ms, 588ms. This was included to rule out judgements made 
only on the total change in position or duration rather than speed.
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Each target was presented with a randomly selected vertical and horizontal shift 
from the centre of the screen between 0.61º and 1.84º. This manipulation ruled out 
judgements based only on final position of target. Fixation crosses were presented 
with the appropriate shift for the subsequent target stimuli. The reference information 
was as described in the general methods chapter, with dots of 2.1 min arc.
Procedure7.2.3.2.3 
This was a 2-interval alternative forced choice task, where observers were required 
to indicate which stimulus was fastest, that in the first interval or second interval. As 
in the TTC task, observers pressed a button to initiate each trial. Figure 7.7 illustrates 
the presentation order of stimuli for each trial. This began with a fixation stimulus for 
the first interval, followed by the appearance and lateral motion of the first target, 
then the screen was blank for 1.2s before the appearance of the second fixation 
stimulus for a further 3s, followed by the second target onset and motion. When the 
second target stimulus had disappeared, the observer was required to respond, and 
press a key to initiate the next trial.
Target 1
(470ms, 
588ms, 
or 705ms)
Target 2
(470ms, 
588ms, 
or 705ms)
Response
period
Fixation 2
(3s)
Fixation 1
(3s)
Pause
(1.2s)
Procedure for experiment 5.ii trials.  Shows presentation sequence and Figure 7.7 
durations for each trial. Not to scale
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The stimuli were counterbalanced for 4 target type orders, 8 speed differences 
and 3 duration orders, leading to a total of 96 unique stimulus pairs. Each testing 
block contained each of the 96 stimulus pairs, presented in a pseudo-random order. 
Observers were tested on a total of 20 blocks.
Analysis7.2.3.2.4 
For trials containing both constant and dynamic target intervals (DIFF trials), we 
plotted the percentage of responses for which the dynamic target was perceived 
as faster against the difference in speed between targets, and fitted a cumulative 
Gaussian curve. The point on the fitted curve at which 50% of responses are 
‘dynamic target faster’ indicates the speed difference between targets at which the 
observer perceives the speed of the two target stimuli to be equal (PSE). Figure 7.8 
shows an example curve that passes through zero speed difference at the PSE, this 
Example of experiment 5.ii data. Percentage of “dynamic target faster” Figure 7.8 
responses plotted against speed difference. Positive speed difference indicates that 
dynamic target was faster, negative speed difference indicates that the constant target 
was faster. Note, not actual data
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indicates no difference in speed perception between the two targets. Data were 
recorded in terms of ‘dynamic target faster’ responses, therefore positive PSEs 
indicate the increase in constant target speed required for it to be perceived as equal 
to the dynamic target, and hence the dynamic target is perceived as faster than the 
constant target. Conversely, negative PSEs denote the decrease in constant target 
speed required in order for it to appear equal to the dynamic target speed, in this 
case dynamic targets are perceived as slower. A Monte-carlo simulation of 1,000 
throws was also performed to obtain standard deviations of the mean fitted PSE.
For trials containing stimuli of the same target type (SAME trials), the same analysis 
procedure was performed for responses indicating that the target in the first interval 
was faster. The PSEs from SAME trials yielded a general measure of the observers’ 
ability to distinguish between speeds of stimuli presented in successive intervals, and 
any response bias based on presentation order. These findings were compared with 
PSEs from trials containing both constant and dynamic target intervals, in order to 
investigate whether there was a significant difference between perceptions of speed 
of targets consisting of constant and dynamic dot patterns. 
Experiment 5.iii: Use of TTC information7.2.3.3 
This experiment examined evidence as to whether observers were able to utilise 
TTC information to complete the experimental task. We compared TTC estimates 
obtained from stimuli of different simulated TTCs, and of differing speeds to explore 
the prevalence of the response trends outlined in section 7.2.2.2.
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Observers7.2.3.3.1 
11 of the observers who participated in the primary experiment also participated in 
this experiment (3 male and 8 female). Observer AA, the author, has already been 
shown to use TTC information to complete the task (see previous chapter, sections 
6.3.3.5.2 and 6.3.3.5.3), and so was not tested in this experiment.
Stimuli7.2.3.3.2 
One target type condition was used, the combined RDT, as described in the stimuli 
section above. The target boundary had a simulated diameter of 2.83cm (1.16º at 
1.4m distance of screen), and consisted of 35 dots (2.1 min arc). The fixation cross and 
reference frame were as described in the general TTC methods chapter. To examine 
whether observers’ responses were based on TTC information, three simulated TTCs 
were presented (3.6s, 5s and 6.4s), and two initial distances (170cm and 160cm). This 
required the simulation of 6 different speeds, see table 7.2 for stimulus parameters. 
To ensure that all stimuli passed through the plane of the reference frame (140cm), 
presentation duration varied with initial distance from 1.2s for initial distances of 
170cm, to 0.94s for initial distances of 160cm.
Stimulus parameters for experiment 5.iii. Shows the 6 different combinations Table 7.2 
of values for simulated TTC, initial distance, speed, presentation duration and range 
of onset-flash times.
Simulated
TTC
(s)
Initial 
distance 
(cm)
Speed
(cm/s)
Presentation 
duration
(s)
Onset-flash 
range
(s)
3.6
170 47.23 1.20
1.2 - 3.8
160 44.68 0.94
5.0
170 34.04 1.20
1.7 - 4.5
160 32.00 0.94
6.4
170 26.38 1.20
2.4 - 5.2
160 24.98 0.94
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All 6 combinations of variables were presented with 7 onset-flash times as used for 
experiment 3 in the previous chapter (see section 6.3.2.2), table 7.2 lists the range of 
onset-flash times used. This led to a total of 42 unique stimulus combinations.
Procedure7.2.3.3.3 
As described in general TTC methods (4.5.3) using the comparator task paradigm. 
Each block of trials contained all 42 stimulus combinations presented in a pseudo-
random order, which took observers approximately 5 minutes to complete. Observers 
completed 20 blocks of trials, except for observer DB, who completed 9 blocks.
Analysis 7.2.3.3.4 
As stated above for the primary experiment (5.i). TTC estimates were compared 
between the two speed conditions for each simulated TTC. Differences between 
these estimates may indicate use of speed, and/or initial distance information. The 
relationship between estimated and simulated TTCs was also examined, to check 
for use of TTC information. Within-subjects differences in estimates from different 
simulated TTCs were tested using z-tests. Modulation of estimates with simulated 
TTC was also checked with linear regression tests, where the null hypothesis states 
that the gradient of the curve plotted by these two variables is zero - i.e. indicates no 
relation.
Results7.2.4 
First, we review the results of the primary experiment, 5.i, for effects of CD and IOVD 
information on TTC estimates. We do so only for the six observers who demonstrate 
use of TTC information in experiment 5.iii. We then address the potential effects of 
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dynamic, flickering stimuli on speed discrimination investigated in experiment 5.ii. 
Finally, we address the results of experiment 5.iii, and the reasons for discarded data. 
Experiment 5.i: Primary experiment7.2.4.1 
Boundary information7.2.4.1.1 
As described in methods section (section 7.2.3.1.2), the URDT stimuli contained 
no consistent TTC information within the random dot pattern, but the boundary 
conveyed CD and IOVD information, as well as looming information, as did the 
boundaries of dot patterns in all target types. As CRDT stimuli contain the most 
consistent TTC information, we compare estimates under this condition with those 
from the URDT condition. If there are no differences between these two estimates, 
then the observer may be using boundary information to complete the task, and 
ignoring the information contained within the dot pattern.
Figure 7.9  shows the estimates for CRDT and URDT conditions. Observers AA, DA, 
DB and CM show significantly shorter TTC estimates under CRDT conditions than for 
URDT conditions (p < 0.001), as predicted. Observer CJ, gives a significantly longer 
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Use of stimulus dot pattern. Plots TTC estimates for CRDT (red) and URDT Figure 7.9 
(grey) for all six observers, ±1 standard deviation, indicated by black bars.
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estimate for CRDT conditions than URDT (p < 0.01). This suggests that this observer 
is not using only the boundary information to respond to the task, as we would 
then expect similar estimates from the CRDT and URDT conditions. It is possible 
that the dynamic dot pattern used for the URDT condition may affect the perceived 
motion-in-depth, and hence the TTC estimate. This possibility is addressed directly 
by experiment 5.ii, the results for which are described in section 7.2.4.2 below. 
Observer CL showed little difference between the two estimates (p > 0.1). This 
suggests that this observer may base their responses on monocular information, and/
or binocular information available from the stimulus boundary, and that consistent 
TTC information within the dot pattern does not affect estimates further. We therefore 
discarded data from observer CL from further analysis, as their responses do not 
reflect use of the CD and IOVD cues to TTC that were manipulated within target dot 
patterns to address the experimental hypothesis.
Effects of TCRDT type. Plots estimates, ±1 standard deviation, for TCRDTu Figure 7.10 
(blue) and TCRDTr (purple) conditions for the five observers.
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TCRDT effects7.2.4.1.2 
As we had presented two types of TCRDT stimuli, we wished to examine any 
possible differences between responses to TCRDTu and TCRDTr conditions before 
further analysis. Figure 7.10 plots the TTC estimates from these two conditions for 
the five observers (AA, DA, DB CM and CJ). It is clear that none of these observers 
show a difference in responses between the two types of TCRDT stimuli. This was 
confirmed by z-tests between estimates from TCRDTu and TCRDTr conditions for 
each observer separately (p > 0.1), and so the data from these two conditions is 
pooled for further analysis.
Group effects of binocular information on TTC estimation7.2.4.1.3 
We now address the main effects of condition across the group of five observers. 
Most (18/20) of the estimates obtained from these observers were underestimates, 
with an average of  -0.7s systematic error from the simulated TTC of 3.6s (standard 
deviation of 0.54s). Figure 7.11 shows the group average estimate of TTC for each 
condition. It can be seen that estimates for URDT stimuli were longer than those 
for other stimulus types, as expected from excluding observers who did not show a 
Group average TTC estimates. Plots group average estimates, ±1 standard Figure 7.11 
deviation, for all target types.
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significant difference between these estimates. A repeated-measures ANOVA showed 
that there was no significant group effect of target type on TTC estimates (p > 0.2). 
However, there were substantial individual differences shown in the observers’ 
performance trends that are masked by group analysis. Figure 7.12 shows the 
estimated TTCs for all conditions for each of the five observers. Precision of 
Individual TTC estimates. Plots estimates ±1 standard deviation for CRDT Figure 7.12 
(red), DRDT (green), TCRDT (blue) and URDT (black) for all five observers showing 
differences between CRDT and URDT conditions. Note, different y-axis scales 
between observers.
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responses was high, with standard deviations ranging between 0.08s and 0.22s 
across all observers. We performed within-subjects comparisons of conditions to 
further explore the effects of CD and IOVD information on estimates of TTC, which 
we address separately. 
Use of CD information for TTC estimation7.2.4.1.4 
To analyse the use of CD in the TTC judgement task, we compared estimates from 
the DRDT condition with those from CRDT and URDT conditions (see figure 7.13). 
If observers’ DRDT estimates differ from URDT estimates, then we may discount the 
possibility that these responses are based purely on information from the boundary 
of DRDT stimuli, and infer that the inclusion of CD information within the dot pattern 
influences responses. 
Observers AA and DB gave significantly shorter estimates in DRDT conditions than 
in URDT conditions (p < 0.04 and p < 0.01 respectively). Observer DA also showed 
this trend, but their data did not reach statistical significance (p > 0.2). Observers CM 
and CJ showed no difference between responses under DRDT and URDT conditions 
(p > 0.7).
We now compare DRDT estimates with CRDT estimates, if these differ, then this 
would be consistent with responses being influenced by the combination of CD and 
IOVD information present in the CRDT condition. Observers DA, AA, CM and DB 
yielded shorter estimates under CRDT conditions than DRDT conditions, however, 
this difference is statistically significant only for observers CM and DB (p < 0.01). This 
suggests that these observers make use of the extra information available in CRDT 
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stimuli. Observer CJ yielded significantly longer estimates for CRDT conditions than 
DRDT conditions (p < 0.02). 
Use of IOVD information for TTC estimation7.2.4.1.5 
We now compare the averaged TCRDT estimates with URDT estimates to explore 
whether only boundary information was utilised to make responses in these 
conditions (see figure 7.14). Observers DA, CM and DB give significantly shorter 
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DRDT performance. Plots estimates and standard deviations for CRDT Figure 7.13 
(red), DRDT (green) and URDT (black) conditions for all five observers that show 
differences between CRDT and URDT conditions. Note, different y-axis scales 
between observers.
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estimates under TCRDT conditions than URDT conditions (p < 0.01). Observer 
AA shows a similar difference between these conditions, but this does not reach 
statistical significance (p > 0.2). Observer CJ gives longer estimates under TCRDT 
conditions than in the URDT condition, but this difference is also non-significant (p 
> 0.2). It is therefore possible that observers AA and CJ use boundary information 
when responding to TCRDT stimuli.
Relative TCRDT performance. Plots estimates and standard deviations for Figure 7.14 
CRDT (red), TCRDT (blue) and URDT (black) for all five observers showing differences 
between CRDT and URDT conditions.
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Only observer DB showed a significant difference between estimates made in the 
TCRDT and CRDT conditions (p < 0.02). This suggests that, for observers AA, CJ, 
CM and DA, the combination of consistent CD and IOVD information present in 
the CRDT condition does not affect TTC estimates more than when only IOVD and 
boundary information are available. We discuss the implications of these results in 
conjunction with those from DRDT conditions and the following experiment (6) in 
the general discussion at the end of this chapter (section 7.4.1).
Experiment 5.ii: Effect of flicker on speed perception7.2.4.2 
In order to account for possible differences in motion perception between constant 
and dynamic dot patterns used in the primary experiment, we analysed the data 
for lateral motion speed discrimination for these types of stimuli. Four of the five 
observers analysed in the primary experiment results section above participated in 
this experiment.
The PSEs obtained in our speed discrimination task indicated the difference in speed 
at which the observer perceived the two targets’ speed as equal, these are given 
in figure 7.15. The dark grey bars in figure 7.15 represent data from DIFF trials (i.e. 
constant/dynamic and dynamic/constant). These indicate the change in speed of 
constant dot patterns required for speed to be perceived as equal to that in dynamic 
patterns. Therefore positive values indicate that the dynamic target was perceived 
as faster, as an increase in speed of constant dot patterns is required to match the 
perceived speed with dynamic stimuli. The light grey bars in figure 7.15 illustrate the 
PSEs obtained for SAME trials (i.e. constant/constant and dynamic/dynamic). This 
shows the speed difference needed for the first stimulus to appear to travel at the 
same speed as the second, with positive values denoting that the second interval 
was perceived as faster than the first. This can highlight bias from presentation order, 
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and general accuracy and precision in speed discrimination between two intervals of 
stimuli.
In DIFF trials, two observers (AA and DA) indicated that they perceived the dynamic 
target as faster than the constant target. However, this does not appear to be robust, 
as the speed difference needed to equalize the perceived speed of the two stimulus 
types is very small (<0.2cm/s), while the standard deviations for these data points 
are relatively large. No target-type effect (dark bars in figure 7.15) was larger than 
presentation order effect (light grey bars) for any observer, indicating that any speed 
bias based on target type was smaller than the effect of presentation order, and/or 
general ability to discriminate speed between consecutive intervals. Z-tests confirmed 
that no observer yielded a significant difference between the two measures in figure 
7.15 (p > 0.05). 
Speed bias. Difference in speed (cm/s) required to equalize percepts of Figure 7.15 
DIFF trial intervals (dark grey bars), and 1st and 2nd intervals of SAME trials (light grey 
bars). Standard deviations shown by error lines.
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Experiment 5.iii: Use of TTC information and discarded data7.2.4.3 
Of the 16 naïve observers who participated in experiment 5.i, only 11 completed 
experiment 5.iii. Therefore, as five observers’ data could not be verified for use of 
TTC information, they were discarded from further analysis.
One indication that observers use TTC information to complete the task is an increase 
in TTC estimates with simulated TTC (see figure 7.4a, p.237). Another indication is 
that different simulated speeds that lead to the same simulated TTC should evoke 
similar TTC estimates. None of the observers showed consistent differences in 
estimates between the different speed conditions within each simulated TTC, 
indicating that speed did not affect responses. Figure 7.16 shows data from the five 
TTC information use. Estimated TTCs plotted against simulated TTC for Figure 7.16 
the five observers. The estimate for the faster stimulus (from 1.7m initial distance) for 
each simulated TTC is shown by the dark, dashed line, the slower stimulus (from 1.6m 
initial distance) is indicated by the solid grey line. The dotted grey line indicates the 
veridical response pattern. Standard deviation indicated by vertical error lines. Note, 
different y-axis for observer CM.
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observers that also showed a significant increase in estimated TTC with simulated 
TTC between at least 2 of their estimates (p < 0.05) for both speed conditions. These 
observers’ data were checked for dependence on onset-flash time (as in experiment 
3, section 6.3.3.5.3), and none of these observers’ responses appeared to be based 
solely on onset-flash time (see appendix A6 for figures). Therefore, these observers 
appear to use TTC information to complete the task, and their data were retained for 
full analysis.
The remaining six observers that completed experiment 5.iii did not show a reliable 
increase in TTC estimates with simulated TTC values, as shown in figure 7.17. These 
observers did not appear to reliably base their responses on TTC information, and so 
their data were subsequently discarded from further analysis.
Non-TTC information use. Estimated TTCs plotted against simulated TTC Figure 7.17 
for both speeds at each simulated TTC. ±1 standard deviation shown by vertical error 
lines. Veridical response pattern (grey dotted line) included for comparison.
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Linear regression of estimates against simulated TTCs confirmed that the five 
observers whose data were retained for analysis (see figure 7.16) modulated their 
responses with simulated TTC (p < 0.01). Of the six observers who did not appear 
to use TTC information (see figure 7.17), four (CK, DD, DF and DG) showed no 
significant change in estimates with simulated TTC (p > 0.05). This suggests that these 
observers were not sensitive to simulated TTC information in this task. Observers 
DC and DE did show evidence that their responses were based on simulated TTC 
(p < 0.05). But, as can be seen in figure 7.17, observer DE shows an inverse relation 
between estimates and simulated TTCs, and the standard deviations recorded for 
observer DC were too large to reliably indicate that the observer was using TTC 
information to make responses.
Figure 7.18 illustrates the number of naïve observers that completed experiment 5.i 
(red circle) and experiment 5.iii (green circle), and those that showed evidence of 
using TTC information to make responses (blue circle). The analyses of condition 
effects in the previous results sections (7.2.4.1 and 7.2.4.2, including sub-sections) 
Venn diagram of observer participation. Number of observers completing Figure 7.18 
experiments 5.i (red, outer) and 5.iii (green, middle), and showing use of TTC 
information (blue) Note, author (observer AA) not included.
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were completed only for observers that yielded data suggesting that they could make 
use of TTC information in this task. This included five naïve observers and the author. 
All other observers’ data were discarded from further analysis (n=11).
Discussion7.2.5 
Effect of binocular information7.2.5.1 
As previously found in our experiments (2, 3 and 4), the majority of responses 
were underestimates of the simulated TTC. We found no evidence of a systematic 
trend across observers to base responses on either CD or IOVD information. 
Nevertheless, individual patterns of responses indicate that some observers may be 
more dependent on one source of information than the other. This is in accordance 
with our findings for the relative motion experiment (experiment 1), which found that 
detection thresholds for MID were lower for some observers when presented with 
CD cues, and for other observers when presented with IOVD cues.
Based on the previous experiments reported in this thesis, we had expected that 
observers would give the most conservative TTC estimates under CRDT conditions, 
where the most TTC information was available. However, of the five observers whose 
data were analysed fully, none showed a significant difference between estimates 
under CRDT and TCRDT conditions, and only two gave significantly different 
estimates for DRDT and CRDT stimuli. This suggests that information from either CD 
or IOVD may be sufficient for TTC estimation, and that additional information may 
not necessarily influence estimates further.
244
Binocular Vision and 3-D Motion Perception
One observer, CJ, shows the opposite effect of TTC information on estimation to 
that which we predicted. As can be seen in figure 7.12 (p.252), this observer yields 
the longest TTC estimates for CRDT stimuli, and the shortest estimates for URDT 
stimuli. As there is a significant difference between these estimates, it is clear that 
this observer’s responses are affected by the presence of CD and IOVD information 
within the target. This is further confirmed by the differences between CRDT, DRDT 
and TCRDT stimuli, which suggest that this observer’s TTC estimates are influenced 
more heavily by IOVD information than CD information. Results for observer CJ from 
experiment 5.iii indicate that the effect of IOVD information on TTC estimates cannot 
be accounted for by a speed perception bias induced by dynamic dot patterns used 
in DRDT and URDT conditions. 
Use of changing disparity7.2.5.1.1 
Observers AA and DB demonstrate that they can use CD information alone to 
influence estimates, shown by the difference between DRDT and URDT condition 
estimates, which suggests that boundary information alone cannot account for 
responses in DRDT conditions. DRDT estimates from observer AA do not differ from 
those under CRDT conditions, suggesting that responses to stimuli containing both 
IOVD and CD information may be based on CD information alone. Furthermore, 
this observer does not show a significant difference between TCRDT and URDT 
estimates, which might suggest that responses to TCRDT stimuli are based on the 
boundary information present in all conditions.
Use of inter-ocular velocity differences7.2.5.1.2 
We have already described observer CJ’s data, and interpreted their results as being 
significantly influenced by the presence of IOVD information (see section 7.2.5.1). Two 
other observers (CM and DA) also appear to be more reliant on IOVD information 
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than CD information for estimating TTC. Observers CM and DA gave significantly 
shorter TTC estimates under TCRDT conditions than for URDT conditions (see figure 
7.14 p.255). This suggests that the responses in TCRDT conditions are not based solely 
on boundary information, but are influenced by IOVD information within the target 
stimulus. In addition to this, neither of these observers showed a significant difference 
in estimates between TCRDT and CRDT conditions. It is therefore possible that, 
when presented with both types of information in combination, IOVD dominates 
response. Further evidence for the lack of use of CD information in observers CM 
and DA comes from the similarity of estimates under DRDT and URDT conditions, 
suggesting that DRDT estimates may be based on boundary information alone, with 
no effect of CD information.
Both CD and IOVD information7.2.5.1.3 
Observer DB shows a pattern of responses closest to that predicted in section 
7.2.2.1 (see figure 7.2, p.231). This observer shows significant differences in all 
pairwise comparisons conducted, demonstrating not only that they can use both 
CD and IOVD information in isolation (see TCRDT and DRDT comparisons with 
URDT estimates), but that presenting combined CD and IOVD information further 
influences TTC estimation. 
Random error - response precision7.2.5.1.4 
The random error of responses in experiment 5.i was measured using the standard 
deviation of PSEs, as obtained via Monte-Carlo simulation. The range of standard 
deviations recorded for the five observers was between 2% and 6% of the simulated 
TTC (i.e. 78-217ms) across all conditions. 
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Figure 7.19 shows the TTC estimates and standard deviations for each condition, for 
all five observers. It can be seen that, although the differences in standard deviation 
are relatively small, four of the observers (DA, DB, CM and CJ) show similar patterns 
across conditions for both TTC estimates and standard deviation, with correlation of 
82% to 98% between the two measures (82%, 94%, 97% and 98% respectively). 
The trend for higher precision of responses in conditions which yield shorter TTC 
estimates is in accordance with our finding that shorter TTC estimates in our results 
thus far have been linked to the availability of more, coherent TTC information. That 
is, combined-cue stimuli often returned the shortest TTC estimates in experiments 2, 
3 and 4. This suggests that, when more, usable (i.e. information that the observer is 
sensitive to), TTC information is available, responses are more precise. 
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However, it can be seen that random error is not necessarily linked to the actual 
amount of coherent TTC information present in stimuli, otherwise we would 
expect very low variability in CRDT conditions, and very high variability in URDT 
conditions across observers. Also, we cannot exclude the possibility that random 
error is dependent on TTC estimate, such that longer TTCs lead to larger variability 
in estimates, as opposed to differences in random error reflecting the use of TTC 
information directly. 
Effect of flicker7.2.5.2 
The results of experiment 5.ii showed no reliable effect of stimulus type on speed 
perception for any observer. These findings do not exclude the possibility that 
flickering present in dynamic dot patterns alters perceived speed or TTC estimates of 
stimuli separately to the exclusion of IOVD information, i.e. that differences between 
TTC estimates from dynamic and constant dot pattern stimuli are evoked by flicker, 
not the availability of IOVD information. However, the absence of an effect of flicker 
suggests that there is no strong general effect of flicker on motion perception for 
stimuli similar to that used in experiment 5.i. 
Use of TTC information7.2.5.3 
Five observers were discarded due to their results in experiment 5.iii, which 
suggested that they did not use TTC information to perform the task. Another five 
observers were not able to participate in experiment 5.iii, and so their data could not 
be examined for use of TTC information, and were therefore also discarded.
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Another relevant factor is whether observers were influenced by the timing of the 
comparator flashes, as previously discussed in section 6.5.4. Experiment  5.i used 
onset-flash times (i.e. time between stimulus onset and comparator flash onset) of 
1.2s, 1.4s, 1.8s, 2.3s, 2.8s, 3.3s and 3.8s, for a simulated TTC of 3.6s. Although 6 of 
the 7 onset-flash times are shorter than the simulated TTC (i.e. flash occurs prior to 
simulated TTC), findings from experiments 2 and 3 indicate that these are appropriate 
onset-flash times that span the relevant response range for a simulated TTC of 3.6s. 
We discuss issues concerning the onset-flash range in the general discussion below 
(see section 7.4.3)
Conclusions7.2.6 
In line with our predictions (see section 7.2.2.1), we found that more, consistent TTC 
information led to significantly reduced TTC estimates for four observers. Further 
to this, the results of experiment 5 demonstrate that observers have the potential 
to make use of both CD and IOVD information when judging TTC, and that there 
are individual differences in the degree of influence from each type of binocular 
information. 
The results of experiment 5.ii led to the rejection of the experimental hypothesis that 
flicker affects perceived speed, showing no evidence of speed bias between constant 
and dynamic dot patterns for any observer. Therefore differences in TTC judgements 
between constant (CRDT and TCRDT) and dynamic (DRDT and URDT) dot patterns 
for any observer in experiment 5.i cannot be accounted for by a general speed bias 
induced by stimulus flicker.
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As in experiments 3 and 4, we find that approximately half (45%) of the observers 
tested in experiment 5.iii yield response patterns that cannot be linked directly to the 
use of TTC information. We therefore propose the use of a screening experiment to 
examine use of TTC information in the task before analysing experimental data sets 
for all participants.
New Directions7.2.7 
Having found such a spread of response patterns across observers, it would be of 
interest to explore the representation of these patterns among a larger group of 
observers and a wider range of simulated TTCs. A number of observers did not 
appear to use TTC information to complete the task for experiment 5, and collection 
of full sets of data across the three tasks took approximately 11.5 hours of testing 
for each observer. In order to test a larger group, it would be useful to implement 
an initial screening test to determine whether there was sufficient evidence that 
observers used TTC information prior to obtaining a full set of data with them. It was 
from these ideas that experiment 6 was designed.
Experiment 67.3 
The results of experiment 5 suggest that observers differed in their use of CD and 
IOVD information for TTC estimation. We were interested to see whether the results 
in experiment 5 could be replicated across a wider range of simulated TTCs. Also, 
given the large individual differences found in the use of CD and IOVD information 
in experiment 5, we wished to obtain data from a larger group of observers to explore 
the distribution of these trends in binocular information use for TTC judgement.
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Introduction7.3.1 
Our experimental hypothesis for experiment 6 was that, in principle, both CD and 
IOVD information could be utilised when judging TTC, but that the influence of 
either of these cues on TTC estimation could vary between observers. We expected 
this to manifest itself in patterns of TTC estimates similar to those found in experiment 
5 (see figure 7.12, p.252 for an overview of individual observers’ data), with 
some observers demonstrating the use of IOVD information (i.e. TCRDT estimate 
significantly different to URDT estimate), and/or CD information (i.e. DRDT estimate 
significantly different from URDT) to influence responses.
A large number of observers were discarded from analysis in experiment 5 due to an 
inability to demonstrate the use of TTC information within the task (section 7.2.4.3). 
Data collection was also time-consuming, and so we examined responses for 
evidence of the use of TTC information via a short screening task before collecting 
full experimental data sets. This enabled us to discard participants early in the 
experimental process on the basis that they did not appear to base responses on 
TTC information.
The following experiment is very similar to experiment 5, but utilises shorter simulated 
TTCs (1.8-3.2s), and uses results from the first session of tests to determine which 
observers to obtain full experimental data sets from. As in experiment 5.ii, observers 
were also tested for effects of dynamic dot patterns on perceived speed.
Methods7.3.2 
As in experiment 5 using the following parameters.
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Experiment 6.i: Primary experiment7.3.2.1 
Methods are as detailed for experiment 5.i, with the following changes.
Observers7.3.2.1.1 
27 naïve observers and one lab member (observer EJ) participated in the screening 
test to determine whether full data sets should be collected (10 male, 18 female). 
9 observers (3 male, 6 female) were required to complete full data sets (see results 
section 7.3.2.1.5 for details of participant inclusion). All participants had normal, or 
corrected to normal vision, and naïve observers were paid for their time.
Stimuli7.3.2.1.2 
Target stimuli were the same as those used in the previous experiment, with a 
simulated 4cm diameter circular boundary containing 35 dots (2.1 min arc) that 
approached for a duration of 0.6s. The initial distance was 1.7m, and two simulated 
TTCs were used, 1.8s and 3.2s. The range of comparator flash times spanned -0.8s 
to 2s with respect to each simulated TTC.
As experiment 5.i found no differences between responses to the two types of 
TCRDT (i.e. unrestricted and restricted), this experiment used only TCRDTu - where 
each eye receives a full circular boundary of randomly placed dots, which will be 
henceforth referred to as TCRDT. This experiment therefore presented observers with 
four types of target stimuli: CRDT, DRDT, TCRDT and URDT.
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Procedure7.3.2.1.3 
The screening trials were identical to test trials, and consisted of trials completed in 
the first session of testing. As before, each trial began with a fixation cross presented 
within the reference surround for 3s, the stimulus then appeared and began its 
simulated motion in depth for a duration of 0.6s. 56 unique stimuli (four target types, 
seven comparator flash times, two simulated TTCs) were presented in a pseudo-
random order within each block of trials, with observers completing approximately 
six trials in each testing session. Observers were encouraged to rest their eyes 
between trials, and were able to control the pace of the experiment via key presses 
to initiate blocks, and each trial within the blocks.
Analysis7.3.2.1.4 
For the full data collection, analysis was performed as in experiment 5.i, and as 
stated in the comparison task analysis section in general TTC methods chapter 
(4.5.3). Regression analysis was not employed, as only 2 simulated TTCs were used.
Screening7.3.2.1.5 
Data from the first session were used to screen data to check for the use of TTC 
information, and for the ability to complete the task satisfactorily within the tested 
parameters. The very first block of trials was excluded from analysis to allow 
observers to familiarise themselves with the stimuli and task. Data was then analysed 
as before, with cumulative Gaussian fits and Monte-Carlo simulation for variance 
data. As the number of trials used for screening the data was limited (roughly five 
trials per observer), and only two simulated TTCs were employed, the data would 
be unlikely to yield significant differences from statistical tests, and so criteria were 
utilised that did not require statistical testing.
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We had two criteria for the screening test data before a full data set was collected 
from observers. 
The TTC estimates obtained from the PSE of the fitted curve had to fall within 1. 
the tested comparator flash range, and standard deviations of the PSE from 
Monte-Carlo simulations had to be no larger than 2s for at least two of the 
target-type conditions. 
When estimated TTCs are plotted against simulated TTCs, the gradient 2. 
between the two had to be larger than 0.5 for two or more of the tested 
conditions. 
Criterion 1 allows us to ensure that the parameters of this experiment were sufficient 
to obtain a representative TTC estimate from the calculated PSE. If values were 
outside the tested range, then not only would this indicate a large bias, but also the 
range of responses would be limited (i.e. mostly ‘before’ or ‘after’ responses), thus 
affecting the fit of the cumulative Gaussian curve to the data, and increasing variance 
in Monte-Carlo simulations. 
Criterion 2 addresses the use of TTC information. If observers based their responses 
on TTC information, we would expect an increase in simulated TTC to produce an 
increase in estimated TTC, especially in the CRDT condition, where the most TTC 
information is available. Therefore this criterion allowed us to check that observers 
were sensitive to changes in simulated TTC.
Experiment 6.ii: Effect of flicker on speed perception7.3.2.2 
Methods are as for experiment 5.ii (section 7.2.3.2.3), with following differences.
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Observers. 7.3.2.2.1 
All nine observers who completed the full data collection in the primary experiment 
participated in this experiment.
Stimuli7.3.2.2.2 
Stimuli were very similar to those in experiment 5.ii, with four stimulus presentation 
orders: 1) constant, dynamic, 2) dynamic, constant, 3) constant, constant, 4) dynamic, 
dynamic. The only changes to the experiment were that five speed differences were 
used, spread equally between -1.8 and 1.8cm/s. Also, only two presentation durations 
were used, 470ms and 705ms, the order of which was counterbalanced across trials. 
This led to a total of 40 unique stimuli.
Procedure and analysis7.3.2.2.3 
As above, in sections 7.2.3.2.3 and 7.2.3.2.4.
Results7.3.3 
We first report results that address the effect of experimental condition on TTC 
estimates in experiment 6.i, and then the effect of dynamic dot patterns as examined 
in experiment 6.ii. We do this only for the nine observers that demonstrated the use 
of TTC information to complete the task in the screening sessions. We then report 
the results from the screening test, and the reasons for discarding data.
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Experiment 6.i: Primary experiment7.3.3.1 
As before, we investigate the use of information from the boundary of target stimuli, 
and which observers were able to use information from within the target dot pattern. 
We then report effects of condition for these observers, with the influence of CD 
and IOVD information addressed separately.
Use of boundary information7.3.3.1.1 
The use of control condition URDT allowed us to check whether observers were 
able to make use of the TTC information contained within the target dot pattern, or 
whether they relied on information from the boundary of the targets. This was tested 
by comparing estimates in the URDT condition, which contained no consistent MID 
information within the dot pattern, with those from the CRDT condition, in which 
the dot pattern contained the most TTC information.
Use of boundary information. TTC estimates for CRDT (red) and URDT Figure 7.20 
(grey) conditions. a) 1.8s simulated TTC (top), b) 3.2s simulated TTC (bottom).
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There is a much larger difference between CRDT and URDT for 1.8s simulated TTC 
than 3.2s, as illustrated by differences between figures 7.20 a and b. A t-test of the 
overall group data showed a significant difference in estimates between CRDT and 
URDT conditions for the simulated TTC of 1.8s (p < 0.02). The simulated TTC of 3.2s, 
however, yielded no significant differences between estimates in CRDT and URDT 
conditions across the group (t-test, p > 0.6). Z-tests of within-subjects comparisons 
showed that, for the simulated TTC of 1.8s, seven of the nine observers retained from 
screening (EA-EG) gave significantly shorter TTC estimates under CRDT conditions 
than URDT conditions (p < 0.05). However, only one observer (ED) showed a 
significant difference between these conditions under the simulated TTC of 3.2s (p 
< 0.05). Therefore, we will further analyse data only from observers EA-EG from the 
1.8s simulated TTC conditions (see section 7.3.4.2 for discussion).
Effect of binocular information on TTC estimation7.3.3.1.2 
Figure 7.21 shows the average estimates for the four conditions from the seven 
observers (EA-EG). A repeated-measures ANOVA performed on the group data 
showed a highly significant effect of condition (p < 0.01). Bonferroni-corrected 
t-tests of pairwise comparisons showed a significant difference between CRDT and 
URDT estimates (p < 0.02). This was expected, due to exclusion of observers who 
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Group average estimates, plus and minus 1 standard deviation, for all Figure 7.21 
target types. Dashed line indicates veridical TTC estimate.
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showed similar CRDT and URDT estimates in the previous section (7.3.3.1.1). T-tests 
also showed that estimates under TCRDT conditions were significantly shorter than 
URDT estimates across the group (p < 0.03). No other pairwise comparisons showed 
a significant group effect (p > 0.1). Precision of responses did not differ across 
conditions, with t-tests showing no significant difference between standard deviations 
of any conditions (p > 0.2). As before, we believe that individual differences are more 
Individual TTC estimates. TTC estimates for CRDT (red), DRDT (green), Figure 7.22 
TCRDT (blue) and URDT (black) conditions for stimuli with the 1.8s simulated TTC - 
indicated by dashed line. ±1 standard deviation indicated by vertical black bars. 
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informative than the group effects, and so further analyses are performed within-
subjects.
Figure 7.22 plots the TTC estimates, plus and minus one standard deviation, for all 
four target types for the seven observers individually. The dashed line denotes the 
veridical 1.8s TTC point. It can be seen that most observers gave TTC estimates 
that were longer than the simulated TTC, with only observer ED consistently 
underestimating TTC. 
Use of CD information7.3.3.1.3 
As before, we compare estimates in DRDT conditions to those in CRDT and URDT 
conditions using within-subjects z-tests. These estimates are plotted in figure 7.23. If 
DRDT estimates are similar to those in URDT conditions, then it is possible that the 
observer uses only boundary information to make responses when presented with 
a DRDT stimulus. Observers EB and EC show no difference between URDT and 
DRDT estimates (p > 0.5), indicating that the additional CD information available 
from within the DRDT stimulus does not influence TTC estimates. Observers EA, 
EE, EF and EG, however, gave significantly shorter estimates in the DRDT condition 
than in the URDT condition (p < 0.05), suggesting that their responses are influenced 
by the CD information in the dot pattern. Observer ED also showed much shorter 
estimates for DRDT than URDT conditions, but this did not quite reach statistical 
significance (p < 0.051).
A significant difference in estimates between CRDT and DRDT conditions suggests 
that the combination of CD and IOVD information in CRDT stimuli influences TTC 
judgements more than the inclusion of CD information alone in DRDT stimuli. 
259
7. CD and IOVD Information for TTC Perception
Observers EB, EC, ED and EE show significantly shorter estimates in the CRDT 
condition (p < 0.05), while observers EA, EF and EG show no significant difference 
between these estimates (p > 0.1). 
Relative DRDT performance. Plots estimates and random error for CRDT Figure 7.23 
(red), DRDT (green) and URDT (black) conditions for all seven observers showing 
differences between CRDT and URDT conditions. Black lines indicate ±1 standard 
deviation.
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Relative TCRDT performance. Plots estimates and random error for CRDT Figure 7.24 
(red), TCRDT (blue) and URDT (black) for all seven observers showing differences 
between CRDT and URDT conditions. Black lines indicate ±1 standard deviation.
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Use of IOVD information7.3.3.1.4 
We now perform similar comparisons for the TCRDT condition, as plotted in 
figure 7.24. Only observer EG showed no difference between estimates under 
the TCRDT and URDT conditions (p > 0.5). All other observers gave significantly 
shorter estimates under the TCRDT condition than in the URDT condition (p < 0.01), 
indicating that these observers could make use of the IOVD information within the 
target dot pattern.
The only significant difference between estimates from CRDT and TRDT conditions 
was given by observer EE (p < 0.03), suggesting an influence of combined TTC 
information for this observer. Observers EC and EG show slightly longer estimates 
for TCRDT conditions than for CRDT conditions, but these differences did not reach 
significance (p > 0.08 and p > 0.15 respectively). Similar estimates for CRDT and 
TCRDT conditions were found for observers EA, EB, ED and EF (p > 0.3), indicating 
that the combination of CD and IOVD information available in the CRDT condition 
did not influence estimates more than the inclusion of IOVD information alone in 
TCRDT conditions. 
Experiment 6.ii: Effect of flicker on speed perception7.3.3.2 
We tested for possible differences in speed perception between constant (i.e. 
temporally correlated) and dynamic (i.e. temporally uncorrelated) dot patterns. Figure 
7.25 shows the difference in speed needed to evoke the perception of equal speeds 
between stimulus intervals for each observer. The dark bars indicate the increase 
(positive values) or decrease (negative values) in speed of the constant stimuli needed 
for it to be perceived as equal to dynamic stimuli. The light grey bars indicate the 
speed difference required in the first stimulus interval to equalise perceived speed 
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with the second stimulus, when both intervals contain stimuli of the same type (e.g 
dynamic/dynamic and constant/constant). This indicates order bias, and the general 
ability of observers to discriminate between speeds in two intervals. No observers 
show any significant difference between these values and those obtained in trials 
when the two intervals contained different types of dot pattern stimuli. This indicates 
that none of the observers show a significant bias in speed perception between 
stimuli composed of dynamic dot patterns, and those of constant dot patterns.
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Speed bias. Difference in speeds required to equalize percepts of Figure 7.25 
constant and dynamic stimuli (dark grey bars), and 1st and 2nd intervals of same 
stimulus type (light grey bars). ±1 standard deviation shown by black lines.
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Screening7.3.3.2.1 
28 observers completed the screening task, 11 satisfied both criteria required for 
completing full data sets, and five satisfied neither criteria.  Figure 7.26 illustrates 
the number of observers that satisfied each criterion, and the overlap of observers 
between these, via a Venn diagram. 18 of the observers gave estimates that fell 
within the tested comparator flash range (criterion 1a), 12 yielded small standard 
deviations (< 2s) for at least two conditions (criterion 1b), and 20 of the observers 
showed modulation of responses with simulated TTC (criterion 2). Of the 11 
observers that satisfied all criteria, two did not return for full testing, therefore, 
complete experimental data sets were obtained for 9 observers, which were then 
analysed for effects of condition.
1a) n = 18
1b) n = 12
2) n = 20
11
1
2
4
5
Venn diagram of screening data. Illustrates number of observers that Figure 7.26 
satisfied each of the criteria, and the overlap between them. Criterion 1a depicted by 
green circle (lower left), criterion 1b shown by blue circle (upper left), and criterion 2 
depicted by red circle (right).
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Discussion7.3.4 
We discuss here the findings from experiment 6, detailed comparison with findings 
from experiment 5 and previous literature are given in the general discussion below 
(see section 7.4). Firstly, we address findings pertaining to the use of CD and IOVD 
information in TTC estimation. We then discuss other issues that arose from the data, 
such as the difference in response patterns between the two simulated TTCs, and 
the number of observers that were discarded during the screening process.
Effect of binocular information7.3.4.1 
As expected, we found evidence for individual differences in the influence of CD 
and IOVD information for TTC judgement. This supports the hypothesis that both 
CD and IOVD information may be utilised for the judgement of TTC, and that they 
may be processed independently. The breakdown of data by condition type in the 
results section was necessary for examining statistical differences clearly, however, 
it does not make individual response patterns readily apparent. We now give an 
overview of the different patterns of responses, as illustrated in figure 7.22 (p.275), 
and what these patterns indicate. Of the seven observers that demonstrated the use 
of TTC information from within the target dot pattern (see section 7.3.3.1.1), three 
observers (EB, ED and EC) demonstrated the dominance of IOVD information in 
TTC estimation, one observer (EG) showed dominance of CD information, and three 
observers (EA, EF and EE) showed approximately equal dependence on CD and 
IOVD information.
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IOVD dominance7.3.4.1.1 
Our results suggest that, under the experimental conditions employed here, TTC 
estimates made by observers EB, EC and ED may be more heavily influenced by 
IOVD information than by CD information. These observers gave significantly shorter 
estimates for TCRDT conditions than for URDT, suggesting that they could make use 
of IOVD information within the stimulus pattern. They also gave TTC estimates in 
TCRDT conditions that were similar to those in CRDT conditions, indicating that the 
addition of CD information to stimuli containing IOVD information has little effect 
on TTC estimation. Also, these three observers gave significantly shorter estimates 
for CRDT stimuli than for DRDT stimuli, showing that CD information alone cannot 
account for TTC estimates when IOVD information is also present. 
Observer ED showed a near-significant difference between DRDT and URDT 
estimates (p < 0.051), indicating that this observer may make use of CD information 
for TTC estimation when no IOVD is available. However, observers EB and EC 
did not show a significant difference between estimates from DRDT and URDT 
conditions, implying that the inclusion of CD information within the dot pattern does 
not influence TTC estimation more than when only boundary information is present. 
Therefore, observers EB and EC appear to base TTC estimates on IOVD information, 
with no influence from CD information. 
CD dominance7.3.4.1.2 
Observer EG’s data appear to show reliance on CD information, as estimates in 
the DRDT condition were similar to those in the CRDT condition, suggesting that 
when both CD and IOVD information are available, no difference is found from 
estimates when only CD information is present. Their DRDT estimates were also 
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significantly shorter than those from URDT conditions, showing that they did not 
simply use information from the boundary of the stimulus to make responses. For 
TCRDT stimuli, however, estimates were similar to those from URDT conditions, and 
although not significantly different from CRDT estimates, were, on average, longer. 
This suggests that observer EG is most reliant on CD information to make TTC 
estimates, and that the combination of CD and IOVD information has little effect on 
estimates in comparison to when CD information is available alone.
Combination of CD and IOVD information7.3.4.1.3 
Three of the observers (EA, EF and EE) demonstrated the use of both CD and 
IOVD information in isolation, as all gave significantly shorter estimates for DRDT 
and TCRDT conditions than for URDT conditions. Observers EA and EF showed 
no difference between TCRDT and CRDT estimates or between DRDT and CRDT 
estimates, indicating that the influence of combined and coherent CD and IOVD 
information was no greater than the effect of using one of these cues in isolation. 
Observer EE, however, showed shorter CRDT estimates than either TCRDT or DRDT 
estimates, suggesting that this observer obtained a larger effect on estimates from 
the combination of CD and IOVD information than when either were presented in 
isolation.
Simulated TTCs: 1.8s vs. 3.2s7.3.4.2 
We reported above that the simulated TTC of 3.2s yielded very little difference 
between estimates from CRDT and URDT conditions across observers (section 
5.1.3.1.1, see figure 7.20, p.273). Further, an ANOVA of the group data showed no 
effect of viewing condition on TTC estimates for data from the simulated TTC of 
3.2s. This suggests that, overall, observers’ TTC judgements were not affected by 
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the presence of binocular MID information within the target dot pattern for these 
stimuli. 
The exception to this is one observer (ED), who gave significantly shorter TTC 
estimates for CRDT conditions than for URDT conditions (p < 0.001) for the simulated 
TTC of 3.2s. Figure 7.27 illustrates observer ED’s responses across the four viewing 
conditions for both simulated TTCs. Interestingly, this observer showed the same 
statistically significant differences between conditions for the simulated TTC of 3.2s 
as for the simulated TTC of 1.8s, indicated in figure 7.27 That is, their TTC estimates 
under CRDT conditions were significantly shorter than estimates under DRDT (p < 
0.05) and URDT (p < 0.001) conditions. Also, their estimates under TCRDT conditions 
were significantly shorter than URDT conditions (p < 0.002), but not significantly 
different to CRDT conditon estimates.
The findings for observer ED suggest that this observer used binocular TTC 
information in the same way for the two simulated TTCs - with IOVD as the 
dominant TTC cue.  However, it is unclear why this replication of results across 
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simulated TTCs is not found for the other observers. Six of the other observers in 
experiment 6 demonstrated the use of binocular information from within the target 
for a simulated TTC of 1.8s (see section 7.3.3.1.1 and figure 7.20, p.273). Also, five 
observers in experiment 5 showed a significant difference between CRDT and URDT 
estimates for stimuli with a simulated TTC of 3.6s, therefore it is possible to use MID 
information from within a RDT for simulated TTCs of around this value. 
One possible reason for the homogeneity of estimates across conditions for stimuli 
with a simulated TTC of 3.2s could be due to the small proportion of the simulated 
TTC for which the motion of the target is visible. In experiment 5, the simulated 
TTC was 3.6s, and the target was visible in its trajectory for 1.2s, therefore the target 
was visible for 33% of its simulated TTC. In experiment 6, however, all targets were 
visible for 0.6s, therefore, stimuli with a simulated TTC of 1.8s were visible for 32.7% 
of their simulated TTC, whilst those with a simulated TTC of 3.2s were visible for only 
18.3% of their simulated TTC. Heuer (1993) found no overall effect of manipulating 
the proportion of visible motion, but interactions with simulated TTC, and reported 
more intraindividual variability with stimuli that presented the target for 50% of the 
simulated TTC, than stimuli presented for 70% of the simulated TTC.
Screening7.3.4.3 
The screening procedure was performed to determine which observers were able to 
demonstrate use of TTC information to complete the task. This led to 17 observers 
being discarded from further experiments, with 11 observers satisfying the screening 
criteria (see section 7.3.2.1.5). It is possible that more than 11 observers of the 28 
could make use of TTC information in the experimental task, but we wished to be 
cautious, with type 2 errors (false rejection) being preferable to type-1 errors (false 
acceptance), due to the prevalence of non-TTC based responses in experiments 3, 
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4 and 5. Our criteria were therefore somewhat stringent. However, this process did 
not compromise the validity of our experiment, as we did not discriminate based on 
apparent use of binocular information (CD, IOVD or both), or any other grounds that 
might bias the testing of the experimental hypothesis. 
General discussion7.4 
We now address the findings of experiments 5 and 6, and discuss issues arising from 
these results with respect to previous literature.
Effect of CD and IOVD information7.4.1 
There is no single pattern to the results obtained from observers in experiments 5 
and 6. It appears that individuals vary substantially in the extent to which they use 
CD and IOVD information to make TTC judgements in our experiments. We display 
the frequency of different response trends found in experiments 5 and 6 via a Venn 
diagram in figure 7.28 (over page). This is comprised of data from the 12 observers 
who exhibited the use of binocular TTC information from the target dot patterns (see 
table 7.3, over page, for list of observers represented). Observers demonstrated the 
use of IOVD information in the task by yielding different TTC estimates for URDT 
and TCRDT stimuli, 9 observers showed this result (red, top left). In such cases, 
performance in TCRDT conditions could not be accounted for solely by the use 
of information from the boundary of the stimuli. If the observers used only IOVD 
information when presented with both IOVD and CD information in combination, 
then we would expect there to be no difference in TTC estimates from TCRDT and 
CRDT conditions. This was found for 10 of the observers in experiments 5 and 6 
(yellow, bottom left in figure 7.28)
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DRDT = CRDT
(n = 5)
DRDT ≠ URDT
(n = 6)
TCRDT ≠ URDT
(n = 9)
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4
Venn Diagram of observer results for experiments 5 and 6. Illustrates Figure 7.28 
frequency of observers for four condition comparison outcomes, and overlap of 
outcomes for each of the 12 observers.
Condition comparison outcomes. Outcomes shown for each observer that Table 7.3 
participated in experiments 5 and 6.
Exp’t
Simulated 
TTC (s)
Observer
TCRDT
≠
URDT
TCRDT
=
CRDT
DRDT
≠
URDT
DRDT
=
CRDT
6 1.8 EA    
6 1.8 EF    
5 3.6 DB    
6 1.8 EE    
5 3.6 CM    
6 1.8 EB    
6 1.8 EC    
6 1.8 ED    
5 3.6 AA    
6 1.8 EG    
5 3.6 CJ    
5 3.6 DA    
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The same rationale was employed for CD information, represented in the DRDT 
stimuli. 6 observers gave significantly different TTC estimates in DRDT conditions to 
those in URDT conditions (blue, top right), demonstrating the use of CD information 
from within the target pattern. A total of 5 observers showed no difference between 
DRDT and CRDT estimates (green, bottom right), suggesting that CD information 
may be sufficient for TTC estimation. 
It should be noted, however, that similarity of estimates from CRDT and TCRDT (or 
DRDT) conditions does not preclude the use of CD (or IOVD) information in CRDT 
conditions. Another possible cause of this finding is that the use of IOVD information 
in isolation, and the use of combined IOVD and CD information merely result in the 
same TTC estimate. That is, although information may be used in combination in 
CRDT conditions, and potentially processed in a different manner, there may not be 
a measurable effect in the outcome of the TTC judgement. This same principle can 
be applied to CD information in DRDT conditions. 
This issue is highlighted by the 5 observers in figure 7.28 who show no difference in 
estimates between TCRDT and CRDT conditions, as well as no difference between 
DRDT and CRDT conditions (overlap of yellow and green shapes). Clearly, these 
results do not indicate the use of only a single type of information. We cannot assume 
that similarity in estimates from CRDT and TCRDT or DRDT conditions indicates that 
the two conditions are processed in the same manner, i.e. with only one type of 
information used to make TTC judgements. Yet this result is useful in conjunction 
with the comparisons of estimates under URDT conditions (outlined above) to obtain 
a clearer picture of the observers’ trends in use of binocular information for TTC 
estimation.
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Figure 7.28 shows that 4 of the observers (EA, EF, DB, EE, see table 7.3) demonstrated 
the use of both IOVD and CD information when either cue was presented in isolation 
(all overlap between red and blue shapes in figure 7.28). Two of these observers (DB 
and EE) showed a marked influence in TTC estimation when both CD and IOVD 
information were presented in combination. That is, estimates in TCRDT and DRDT 
conditions were significantly different to those from CRDT conditions for these 
observers (overlap of only red and blue shapes in figure 7.28). This suggests that these 
observers did not rely on either CD or IOVD information alone to respond in CRDT 
conditions, but were able to utilise the combination of information to influence TTC 
judgement.
Four observers (CM, EB, ED, EC) appear to use only IOVD information for TTC 
judgement, with TCRDT estimates significantly different from URDT estimates, 
but not different from CRDT estimates, and with no significant difference between 
DRDT and URDT estimates (overlap of red and yellow areas only). Interestingly, no 
observers showed the corresponding pattern of responses for CD information. That 
is, where DRDT estimates were different to URDT estimates and similar to CRDT 
estimates, whilst their estimates for TCRDT conditions were similar to those from 
URDT conditions. The remaining four observers (AA, EG, CJ, DA) showed less clear-
cut response trends, as shown in table 7.3. 
The individual differences reported here on the use of CD and/or IOVD information 
are in accordance with findings by Nefs et al. (2009). In their investigation of 63 
observers, they reported that 12 observers could detect MID using IOVD, but not 
CD; 13 could use CD, but not IOVD; 21 observers could use either cue in isolation; 
and 13 observers did not report MID perception for any presented stimuli. This 
work on MID detection suggests that, in theory, the visual system is able to use both 
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CD and IOVD information in isolation, but that, in practice, there are significant 
individual differences in the use of these MID cues. This is also what the results from 
experiments 5 and 6 have shown in terms of TTC estimation, and that the principle 
of individual differences in the use of these types of binocular information extends 
beyond MID detection. The dissociation of the use of CD and IOVD information 
found experiments 5 and 6 and those of Nefs et al. (2009) suggest that the underlying 
mechanisms that process CD and IOVD information may operate independently 
of one another. This impacts on all research into binocular perception of MID, for 
which researchers cannot assume that responses are based solely on CD or IOVD 
alone, or even in combination.
Use of Boundary Information7.4.2 
We included the URDT condition to control for the use of boundary information 
in completing the TTC judgement task (see sections 7.2.2.1 and 7.2.3.1.2). We had 
expected that estimates made under this condition would be notably different to 
those from conditions containing consistent TTC information within the target dot 
pattern. However, differences between estimates from URDT and other conditions 
were often quite small. This is particularly apparent in experiment 6, where only one 
of nine observers showed a significant difference between estimates in CRDT and 
URDT conditions for stimuli with a simulated TTC of 3.2s (see section 7.3.3.1.1 and 
figure 7.20, p.273). 
One might also expect that the noise created by the non-correlated dynamic dot-
pattern in URDT stimuli may lead to interference in TTC estimation, and therefore 
a substantial amount of variation in responses. However, observers’ responses to 
URDT conditions yielded standard deviations similar to those in other test conditions, 
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as illustrated in figure 7.29. Accordingly, t-tests showed that random error for URDT 
stimuli was no different to that from any other stimulus condition (p > 0.2), for any of 
the simulated TTCs tested. This suggests that observers were not responding randomly 
in URDT conditions, and were no more precise in their estimates for conditions 
containing TTC information within the dot pattern than for URDT conditions. 
We cannot determine which TTC cues were utilised when observers viewed URDT 
stimuli, as CD, IOVD and looming information were present from the boundary of 
all target stimuli (7.2.3.1.2). Previous research has found that looming information 
can be influential in situations where other cues are degraded or in conflict (e.g. 
Rushton & Wann, 1999). It is also possible that the gradual divergence of the stimulus 
dots within the boundary may have influenced TTC judgement (Harris & Giachritsis, 
2000). One way to distinguish between the use of binocular information from the 
stimulus boundary and the monocular cues of looming and texture divergence, 
Random error. Group mean average standard deviations (bars) and Figure 7.29 
individual observer standard deviations (circles) shown for all 3 simulated TTCs from 
experiments 5 and 6. Standard deviation plotted as a percentage of simulated TTC. 
Note, 3 data points were well above 20% for the simulated TTC of 3.2s in experiment 
6, these are indicated above the graph.
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would be to present observers with non-correlated RDT that do not change in size, 
only in lateral displacement between the half-images. 
Onset-Flash Time Range7.4.3 
Experiments 5 and 6 not only used different simulated TTCs, but also different ranges 
of comparator flash times with respect to their simulated TTCs (see sections 7.2.3.1.2 
and 7.3.2.1.2). The onset-flash times (i.e. time between target stimulus onset and 
onset of flash) for these three simulated TTCs are illustrated in figure 7.30, with red 
lines denoting the time of simulated TTC, and black lines indicating the onset-flash 
times. 
It can be seen that, for experiment 5 (simulated TTCs of 1.8s and 3.2s), the range of 
onset-flash times was centred around the simulated TTC, whilst 6 of the 7 onset-flash 
times for experiment 5 occurred prior to the simulated TTC. If observers had adjusted 
their responses to the range of comparator flash times, then, for experiment 5, the 
median onset-flash time was 2.3s, and therefore TTC estimates should be around 
this value T-tests showed that the observers’ average TTC estimate was significantly 
longer than 2.3s for DRDT, TCRDT and URDT stimuli (p < 0.03), but that the average 
0 54321
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Range of onset-flash times. Onset-flash times for the three simulated Figure 7.30 
TTCs used in experiments in 5 (3.6s) and 6 (1.8s and 3.2s). 
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estimate in the CRDT condition (2.8s) was not significantly different to 2.3s (p 
> 0.6). This indicates that, overall, observers did not adjust their TTC estimates to 
the median onset-flash time. However, there are no observers who participated in 
both experiments 5 and 6, so we cannot make a direct comparison of the effects of 
comparator flash range on response patterns. 
Speed Perception for Dynamic and Constant Dot Patterns7.4.4 
We found no evidence of bias in speed perception between constant (i.e. temporally 
correlated) and dynamic (i.e. temporally uncorrelated) dot pattern stimuli in either 
experiment 5.ii (section 7.2.4.2) or 6.ii (section 7.3.3.2). It is possible that the effects 
of dynamic dot patterns on speed perception are quite different for lateral motion 
and MID. Yet, as previously discussed (section 7.2.2.1.1), it is not possible to simulate 
MID comparably in both constant and dynamic dot patterns. By definition, removing 
temporal correlation from a dot pattern degrades the IOVD information available.
Conclusions7.5 
A large number of observers’ data were discarded from full analysis due to the lack 
of evidence that TTC was used to complete the task. This suggests that future TTC 
research needs to be careful to test that TTC is being used, and that observers do not 
develop strategies based on other, uncontrolled variables (such as onset-flash time).
From our findings in experiments 5 and 6, we conclude that it is possible for the 
visual system to use both CD and IOVD information to influence TTC estimates. 
However, there are large individual differences in the magnitude of the effect these 
types of information exert on TTC estimation, with evidence that some observers are 
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more influenced by IOVD information than CD information, and others showing a 
larger effect from receiving both types of information simultaneously. 
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Control Experiments8. 
Introduction8.1 
A set of control experiments was performed to identify the effects of variables that 
had not been explicitly measured in the previous TTC experiments, but that could 
potentially affect the data. In this chapter, we describe the two control experiments, 
one to address the potential effects of initial distance on TTC judgement (experiment 
7), and one for effects of stimulus size (experiment 8). We also briefly review observer 
reports of completing the tasks from experiments 3, 4, 5 and 6, along with relevant 
observer information. We conclude the chapter with a summary of findings from the 
control experiments with respect to the design of the TTC experiments employed in 
chapters 6 and 7.
Experiment 7: Effect of Initial Distance8.2 
Introduction8.2.1 
We wished to explore whether the initial distance of the stimulus systematically 
affected responses, which may lead to false conclusions. The fixation stimulus for 
combined-cue conditions in the experiments 2, 3 and 4 was simulated with the same 
disparity value as the initial position of the test stimulus. As this is presented for 3s, 
much longer than any test stimulus, it is possible that observers’ judgements of TTC 
are influenced by initial distance information. However, biocular and monocular 
conditions were presented with fixation stimuli that were also biocular and monocular, 
respectively, in composition. That is, biocular fixation points had a disparity value of 
zero relative to the reference stimuli (which biocular test stimuli retain throughout 
presentation duration). Similarly, monocular test stimuli were preceded with fixation 
stimuli presented only to the tested eye. Therefore, combined-cue fixation stimuli 
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gave accurate intitial simulated distance information, biocular fixation stimuli gave 
inaccurate binocular information about the initial simulated distance of the target, 
and monocular fixation points gave no binocular information about initial distance 
(also little overall distance information).
There is no consensus in the literature as to the influence of distance on TTC 
judgements. It has been reported that observers are able to make TTC judgements 
that are independent of distance (see Regan, 2002; Gray & Regan, 2004). Yet, 
evidence has also been put forward in favour of an influence of distance information 
(Smeets et al., 1996; Wann, 1996). Therefore, we employed this control experiment to 
investigate the potential effects of initial distance within the experimental parameters 
used in the previous TTC experiments (experiments 2-6).
We presented observers with 3 simulated TTCs at two initial distances (1.6m, 1.7m). 
Figure 8.1a shows the pattern of data we would expect from responses unaffected by 
initial distance, with the same TTC estimates for the two initial distance conditions 
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Examples of potential outcomes. Estimated TTCs plotted for stimuli of Figure 8.1 
1.6m initial distance (light grey bars), and 1.7m (dark grey bars) for all 3 simulated 
TTCs. a) shows veridical TTC estimates, no effect of distance. b) shows potential effect 
of distance, with larger initial distance leading to longer TTC estimates within each 
simulated TTC. Note, not actual data.
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for each simulated TTC, but different estimates for each simulated TTC. If initial 
distance does affect the TTC judgements, however, then we would expect to find 
a systematic difference between estimates for the initial distance conditions within 
each simulated TTC condition, as illustrated by the example data in figure 8.1b, with 
longer TTC estimates for larger initial distances.
We presented stimuli under both biocular and combined-cue conditions (as used 
in experiments 2, 3 and 4). If distance does influence TTC judgement, then we 
may expect this effect to be larger and more robust for stimuli containing binocular 
information, as these, and their respective fixation points, contain more reliable 
distance information than monocular cues. As the previous experiments in this thesis 
have shown no differences between responses to biocular and monocular viewing 
conditions, monocular stimuli were not presented in the control experiments.
Methods8.2.2 
Apparatus8.2.2.1 
As in General TTC methods chapter (4.3), CrystalEyes series 3 LCD-shuttered glasses 
were used for this experiment.
Observer8.2.2.2 
One observer (AA, author) participated in this study. It was assumed that any 
effects of initial distance substantial enough to disrupt TTC responses in previous 
experiments would be found with a small sample size. 
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Stimuli8.2.2.3 
We compared responses to two initial distances of target stimulus, 1.6m and 1.7m. 
Target stimuli consisted of a circular envelope of 35 randomly positioned red dots 
(2.1 min arc) with a simulated diameter of 4cm, giving an initial stimulus diameter of 
30 min and 29 min arc at 1.6m and 1.7m respectively. Three simulated TTCs were 
used, 1.8s, 2.5s and 3.6s. The counterbalanced combination of initial distance and 
simulated TTC determined speed of target approach, as detailed in table 8.1. The 
onset-flash times (i.e. time between target onset and comparator flash) took one of 
seven values for each simulated TTC, also shown in table 8.1. Two viewing conditions 
were used: combined-cue and biocular (see section 5.2.1.2 for description).
All target stimuli were presented for a duration of 0.6s, throughout which they 
appeared to approach the observer directly at a constant speed. In order to maintain 
fusion of stimuli throughout presentation, relative disparity was kept within -0.8º 
and +0.5º from the reference frame (i.e. 1.07m - 1.7m with reference frame at 1.4m). 
The reference frame was as described in section 4.4.5, consisting of dots (2.1 min 
diameter) identical to target stimulus dots.
Simulated TTC 
(s)
Initial Distance 
(m)
Speed 
(m/s)
Onset-flash time 
(s)
1.8
1.7 0.94
1.0 - 3.8
1.6 0.89
2.5
1.7 0.68
1.7 - 4.5
1.6 0.64
3.6
1.7 0.47
2.4 - 5.2
1.6 0.44
Stimulus Parameters. Shows simulated speed of target and onset-flash range Table 8.1 
for all combinations of simulated TTC and initial distance.
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Procedure8.2.2.4 
We employed the comparison task, as detailed in section 4.5.3, whereby the 
observers were presented with a fixation within the reference frame for 3s prior to 
target stimulus onset. The target then approached the observer for 0.6s, after which 
the screen went blank. At the designated onset-flash time, the screen flashed and the 
observer responded via key-press whether the target would have contacted them 
before or after the flash, had it continued in its trajectory. 
There were a total of 84 different stimulus combinations, from 2 visual information 
conditions (combined-cue and biocular), 2 initial distances, 3 simulated TTCs and 7 
onset-flash times. Each of these combinations was presented once in each block of 
trials in a pseudo-random order. A total of 10 blocks were run, giving 10 repetitions 
of response to each stimulus combination for analysis. No feedback was given.
Analysis8.2.2.5 
As detailed in the general methods chapter, the percentage of responses indicating 
that the observer perceived the stimulus to contact them before the comparator 
flash (referred to as ‘before’ responses) was recorded for each stimulus combination, 
and fit with a cumulative Gaussian curve. The PSE was taken as the observer’s 
average estimate of TTC, and standard deviation of PSE, taken from the Monte-
Carlo simulation of 1,000 throws, indicated random error of response. Z-tests were 
performed to test the statistical significance of differences between PSEs.
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Results8.2.3 
The obtained TTC estimates are plotted in figure 8.2, along with their random error 
(±1 standard deviation) for all stimulus combinations. It can be seen that the two 
initial distances (1.6m and 1.7m) yielded similar TTC estimates for all simulated TTCs 
under both combined-cue and biocular conditions (p > 0.04), suggesting no robust 
effect of initial distance. Additionally, figure 8.2 shows an increase in estimates with 
simulated TTC, indicating that the lack of effect of initial distance was not due to 
lack of sensitivity to stimulus manipulations. These patterns are apparent for both 
combined-cue and biocular viewing conditions. Linear regression analysis showed a 
significant relationship between simulated and estimated TTCs for both combined-
cue and biocular conditions in the 1.6m conditions (p < 0.04), however, this did not 
reach significance for the 1.7m conditions (p > 0.05). Given the pattern of data, it is 
likely that this apparent incongruency in linear regression may be due to the small 
sample size of the experiment (see section 4.6.2).
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Effect of initial distance. Estimates for 1.6m (light grey bars) and 1.7m (dark Figure 8.2 
grey bars) initial distance conditions for all three simulated TTCs, plotted separately 
for a) combined-cue and b) biocular conditions. Black lines denote ±1 standard 
deviation.
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Discussion8.2.4 
Experiment 7 showed that a relatively small difference in initial distance did not 
affect the estimated TTC of a random-dot stimulus simulating approach towards the 
observer. It is also interesting to note that patterns of response were very similar 
between viewing conditions. This suggests that TTC judgements are not influenced 
by either monocular or binocular information pertaining to initial distance. Therefore, 
it is possible that our findings for experiments 3-6 could generalise to other, similar 
distance ranges, and that results for experiment 2 were not likely to be influenced by 
initial distance values.
However, this experiment does not rule out the use of speed, final distance or overall 
change in distance during presentation in responses. The simulated TTC was strongly 
correlated with speed (-0.98), final distance (0.92) and change in distance (-0.98). 
Therefore, had the observer based their judgements on these variables, instead of 
TTC or initial distance, then we would expect similar results to those obtained. Yet 
no observer in experiment 2 based their responses on final distance or speed (see 
section 5.2.2.5.1), and so these were not considered problematic variables. Further 
detailed testing would need to be employed in order to isolate the effects of these 
variables. Experiment 7 tested the effect of a relatively small change in initial distance, 
but this covers the parameters used throughout this thesis, and so we can use these 
results to infer that initial distance did not have a strong effect on TTC estimates 
obtained in the experiments described in previous chapters.
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Experiment 8: Effect of Stimulus Size8.3 
Introduction8.3.1 
Experiment 8 explored the effect of stimulus size on TTC judgements. The relative 
contribution of monocular and binocular cues to TTC judgements has been shown 
to be dependent on stimulus size (Gray & Regan, 1998) (see section 3.4.3.1). This 
research indicated that trial-to-trial variations in TTC of small stimuli (~0.03º visual 
angle) are more accurately detected using binocular than monocular information, 
and that such TTC variations with larger stimuli (0.7º) can be detected using both 
monocular and binocular information. 
The simulated stimulus sizes used in the TTC experiments described in this thesis 
range between 2-4cm diameter, corresponding to initial diameters of between 0.6º 
and 1.35º visual angle (1.87m for absolute judgement task and 1.7m for comparator 
tasks respectively), and final diameters of between 0.86º and 2º (1.39m for absolute 
judgement task and 1.13m for comparator tasks respectively). Although these stimulus 
sizes are much larger than the ‘small’ stimuli used by Gray and Regan (1998), it is 
important to confirm that monocular and binocular cues had been fairly compared. 
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diameters of 1.4cm (light grey bars), 2.7cm (mid-grey bars) and 4cm (dark grey bars) 
for both simulated TTCs. a) shows veridical TTC estimates. b) shows potential effect 
of stimulus size, with larger diameter leading to shorter TTC estimates within each 
simulated TTC. Note, not actual data.
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It has been shown in the previous TTC experiments in this thesis that observers 
were able to respond to both monocular and biocular TTC information across the 
parameters used. In this control experiment we directly test the generalisability of 
results across the range of different stimulus sizes.
We presented stimuli of 3 different simulated diameters: 1.4cm, 2.7cm and 4cm, 
and with one of two simulated TTCs (1.8s and 3.2s) under both combined-cue and 
biocular viewing conditions. Initial distance was 1.7m for all stimuli, leading to initial 
stimulus sizes of 0.47º, 0.91º and 1.35º. These represent a larger range of stimulus 
sizes than in experiments 2-6 (0.6º-1.35º), and as they are larger than the stimuli 
that evoked a dissociation in biocular and combined-cue responses in Gray and 
Regan’s (1998) experiments, we expect to find no differences in TTC judgements 
between them for either biocular or combined-cue stimuli. This pattern of response 
is illustrated in figure 8.3a, where example TTC estimates are similar across size 
conditions, but differ between simulated TTC. Figure 8.3b illustrates a potential 
response pattern for those observers affected by initial size, whereby the smallest 
targets have the longest TTC estimates, and  the largest targets have the shortest TTC 
estimates.
We previously discussed the effect of size on the relative use of binocular and 
monocular information, however, we use stimuli that should be of sufficient size to 
enable both sources of information to contribute to TTC estimation, therefore we 
predict that there will be no difference in response patterns between size conditions 
(e.g. figure 8.3a). Yet, if the availability of monocular cues is compromised by the 
size of the stimulus, then we would expect to see large random error in responses to 
biocular stimuli, especially for the smallest stimulus size condition.
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Methods8.3.2 
As described in general TTC methods with the following parameters. CrystalEyes 
series 3 LCD-shuttered glasses were used for this experiment.
Stimuli8.3.2.1 
Three different stimulus sizes were tested, with simulated diameters of 1.4cm, 2.7cm 
and 4cm; each consisted of 35 dots (2.1 min arc each). All stimuli were presented at 
the same initial distance of 1.7m, and therefore had an initial stimulus size of 0.47º, 
0.91º or 1.35º respectively. All target stimuli were preceded by a fixation point for 
3s and reference stimuli presented at the depth of the screen (1.4m) as described for 
experiment 7 (section 8.2.2.3).
Two simulated TTCs were used, 1.8s and 3.2s, corresponding to speeds of 0.94m/s 
and 0.52m/s respectively, and the same range of onset-flash times as described in 
section 8.2.2.3 (also see table 8.1). Test stimuli were presented under both combined-
cue and biocular conditions, giving a total of 84 unique stimulus combinations. 
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denote ±1 standard deviation.
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Procedure and analysis as for experiment 7 (see sections 8.2.2.4 and 8.2.2.5), but 
with 13 repetitions of each stimulus combination.
Results8.3.3 
The results are presented separately for combined-cue and biocular conditions in 
figures 8.4a and 8.4b respectively. These figures plot the estimated TTC for each 
stimulus size (diameter of 1.4cm, 2.7cm and 4cm) and for both simulated TTCs (1.8s 
and 3.2s). There is little evidence of an effect of size for combined-cue stimuli. In 
figure 8.4a, it can be seen that the 1.8s simulated TTC produced very similar estimates 
for all three sizes of stimuli (p > 0.05). At the simulated TTC of 3.2s, the largest (4cm) 
stimuli presented yielded a shorter estimate than either of the two smaller stimuli, 
however, these differences between size conditions are not statistically significant (p 
> 0.05).
Figure 8.4b shows some effect of stimulus size for biocular stimuli, with a larger 
variation in TTC estimates within each simulated TTC than for combined-cue stimuli. 
The smallest stimuli give the longest estimates, with significant differences between 
the 1.4cm diameter stimuli and 2.7cm stimuli when presented with a simulated TTC 
of 1.8s (p < 0.01), and between 1.4cm stimuli and 4cm stimuli for simulated TTCs of 
3.2s (p < 0.02). Yet no other differences between size conditions were statistically 
significant.
A t-test confirmed that estimates obtained under 1.8s and 3.2s simulated TTC 
conditions were significantly different, suggesting that the observer was sensitive to 
the increase in TTC between the two conditions. Both combined-cue and biocular 
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stimuli were found to differ significantly between simulated TTC conditions (p < 0.01 
and p < 0.03, respectively).
Discussion8.3.4 
Our results show no effect of size in combined-cue conditions. This is in accordance 
with Gray and Regan’s (1998) findings that binocular TTC information is available 
from stimuli of such sizes. We found evidence of stimulus size effect for biocular 
stimuli, yet this was not robust across all size comparisons. As it is proposed that 
monocular information deteriorates for smaller targets, the findings for biocular 
viewing conditions could be explained by the smallest stimulus size being close to 
the drop-off point for monocular information to reliably contribute to TTC judgement. 
Indeed, at an initial size of 0.47º, the smallest stimuli presented here are smaller than 
those shown by Gray and Regan (1998) to enable monocular information use (0.7º).
In experiment 2, the smallest initial size of stimuli was 0.6º, and simulated size was 
2cm diameter. This is larger than the smallest stimuli used in experiment 8, where 
we start to see an effect of stimulus size in biocular conditions. This suggests that 
monocular information in experiment 2 stimuli may have been slightly degraded for 
stimuli at longer initial distances. However, as we compared conditions in which 
in/congruent binocular information was added to looming stimuli, any disruption 
of monocular information would have been constant across the compared viewing 
conditions. Such effects on monocular cues are unlikely in experiments 3-6 due to 
targets being between 2.45-4cm diameter.
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Observer Reports8.4 
Upon completion of experiments 3-6, observers were given an open-ended question 
sheet to fill in (see appendix A.8), which addressed a number of relevant issues. 
The most important question asked the observer to describe how they completed 
the task, which was then discussed with the attending researcher. This allowed 
us to explore whether (conscious) strategies were employed that meant that TTC 
information was not the main criterion for response. The vast majority of observers 
reported that, once the target stimulus disappeared, they imagined a continuation of 
the motion until the comparison flash occurred. Only 3 reported that they guessed 
or used intuition to make responses. No observers reported consciously using any 
strategy based on other variables in the stimuli (e.g. stimulus speed).
Other questions probed the familiarity of the observer with TTC judgements in every-
day life, such as the amount of time spent playing ball-games and video-games. 
Upon comparing these to the response patterns obtained in the relevant experiment, 
we found no effect of ball-game and/or video-game familiarity on TTC judgements. 
That is, response patterns from observers who regularly played ball-games and/or 
video-games did not differ from those who did not. Also, this did not appear to 
affect whether observers results were discarded from analysis, for non-TTC based 
responses or otherwise.
Lastly, we presented observers with 6 circles on a sheet that ranged from 2-7cm 
diameter (see appendix A.9), and asked the observer to pick which was most similar 
in size the stimuli they had viewed in the experiment. Again, there was no correlation 
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between the perceived stimulus size and any measured factors, including pattern of 
responses and whether their data were discarded.
Conclusions8.5 
The findings of experiment 7 suggest that, for the tested parameters, initial distance 
had no effect on TTC judgement for monocular or binocular information. Therefore, 
the additional information given by combined-cue fixation stimuli in experiments 3 
and 4 should not greatly affect responses. 
Experiment 8 showed that stimulus size does not affect TTC judgements for 
combined-cue stimuli. Although there is evidence of a stimulus size effect for 
biocular stimuli at small stimuli, the range presented in experiments 5-6 should be 
sufficient to make both monocular and binocular cues available for TTC processing. 
As such, the findings reported in this chapter do not conflict with those of previous 
experiments.
Additionally, we found no evidence that patterns of responses could be linked to 
familiarity with TTC judgements in everyday life, conscious task strategy or perceived 
stimulus size. Therefore, to explore the reasons for individual differences in response 
patterns, more detailed investigations would be required, covering a wider range of 
possibilities.
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General Discussion9. 
Synopsis9.1 
In this chapter, we recap the aims of our investigations into the use of binocular 
information for motion-in-depth (MID) perception, and summarise the key findings of 
this thesis, relating them to previous literature. We discuss potential explanations for 
the significant number of observers who did not appear to base responses on TTC 
information, and the mixture of underestimates and overestimates in the literature. 
We then focus on issues surrounding the type of task chosen to investigate TTC 
perception, and the experimental questions that are, as yet, unanswered.
Summary of Findings9.2 
Relative Motion-in-Depth Perception9.2.1 
In chapter 2, we investigated the effect of reference information in a two-interval MID 
detection task. Previous research has shown that static reference information lowers 
detection thresholds for MID perception (e.g. Erkelens, & Collewijn, 1985a & b; 
Regan et al., 1986). However, under binocular viewing conditions, MID information 
may come from inter-ocular  velocity differences (IOVD), and/or from monitoring 
changing disparity (CD). As IOVD is derived from monocular motion signals, and CD 
obtained from series’ of disparity values, it is possible that relative monocular motion 
and/or relative disparity information could influence MID detection thresholds. For 
strong relative monocular motion information, the reference stimulus must contain 
temporally correlated elements, just as a target containing monocular motion is 
temporally correlated. For strong relative depth information, however, the reference 
stimulus must be correlated between the two eyes’ images to give a constant disparity value. 
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We hypothesised that, if CD and IOVD information are processed by a single 
mechanism, then reference information containing relative depth or relative motion 
information should have the same effect on MID detection for targets containing 
only CD or IOVD information. Whereas, if CD and IOVD are processed separately, 
then we may expect larger effects of relative MID information (i.e. lower detection 
thresholds) from strong reference stimuli, than from weak reference stimuli. We 
expected that reference stimuli containing depth information would be strong 
references for targets containing CD information, and that motion information would 
be a strong reference stimuli for targets containing IOVD information.
Results9.2.1.1 
Our results were not clear-cut across observers. Thresholds were not consistently 
lower for strong reference stimuli than for weak reference stimuli across all target 
types or observers. Yet there were notable effects of reference-target combination 
that indicate that MID detection can be influenced by the type of relative information 
available. One observer’s (AB) results indicated that they were unable to process 
CD cues to MID reliably, but were sensitive to IOVD information. Conversely, 
another observer (AD) obtained their lowest MID detection thresholds only when 
CD information was present and accompanied by reference stimuli that contributed 
strong relative depth information. These findings support the theory that some 
observers can use CD and IOVD cues to MID independently.
Conclusions from experiment 19.2.1.2 
The large variation in response patterns between observers prevents an overall 
generalisation of the use of CD and IOVD cues in MID detection, the mechanisms 
that process them, and the influence of relative information. However, we have found 
evidence that it is possible for the human binocular visual system to utilise both CD 
295
9. General Discussion
and IOVD information when performing a MID detection task, and that the reliance 
on one, or both, of these cues can vary between observers. 
Binocular Information for Time-to-Contact (TTC) Judgements9.2.2 
Chapters 5 and 6 addressed the question of whether binocular information can 
influence TTC estimates from random-dot target (RDT) stimuli. Although it has 
previously been shown that binocular cues can have an impact on TTC judgements 
(e.g. Gray & Regan, 1998; Rushton & Wann, 1999), the methods employed have 
differed greatly. Experiments 2, 3 and 4 compared the effect of adding congruent 
and incongruent binocular information to looming stimuli, in order to ascertain the 
influence of binocular cues and cue-conflict.
We also wished to verify the use of binocular cues using a stimulus that could later 
be manipulated to explore the effects of CD and IOVD information independently. 
Manipulation of monocular and binocular information within RDT stimuli in 
experiments 2, 3 and 4 therefore tested whether RDT produced a sufficient effect 
of binocular information to merit further testing of binocular cues to TTC. That is, if 
binocular information in RDT stimuli is sufficient to influence TTC judgement, then 
we may proceed to investigate which type(s) of binocular information (i.e. CD, IOVD 
or both) are implicated using variations of RDT stimuli.
Results: Effects of binocular information9.2.2.1 
In experiment 2, observers were presented with random dot stimuli under monocular, 
biocular or combined-cue viewing conditions. For the three observers that completed 
the task satisfactorily (AA, BA and BB), all showed significantly shorter TTC estimates 
under combined-cue conditions than either monocular or biocular stimuli. This 
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suggests that the binocular information available from combined-cue stimuli had a 
significant effect on TTC estimation. 
This is in accordance with our findings from the subsequent comparison task 
procedure used in experiment 3, in which three of four observers exhibited 
consistently shorter estimates for combined-cue stimuli than for either biocular or 
monocular stimuli. As this difference was highly significant for the shortest simulated 
TTC (3.6s) in experiment 3, and systematic error showed signs of decreasing 
with shorter TTCs, we replicated this experiment using shorter simulated TTCs in 
experiment 4. We found no conclusive evidence of a coherent relationship between 
systematic error and simulated TTC across the six TTCs simulated in experiments 
3 and 4. But, using these shorter TTCs, we replicated the trend for shorter TTC 
estimates for combined-cue stimuli than for biocular stimuli for all three observers 
(AA, CJ and CK). However, this effect was less robust for experiment 4, and did not 
reach significance for two of the observers (CJ and CK). 
Results: Effects of monocular cue presentation9.2.2.2 
In these experiments, we also investigated the effects of different types of monocular 
cue stimuli. As previously noted (see section 5.1.3), biocular and monocular viewing 
conditions have been used somewhat interchangeably throughout the study of 
TTC perception to convey only monocular cues to TTC. We explicitly tested TTC 
estimation under both of these viewing conditions, and found no evidence that the 
conflicting binocular cues in biocular stimuli influenced perceived TTC.
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In the absolute judgement task (experiment 2), the monocular condition stimuli 
contained a lateral motion component, consistent with stimuli moving along 
the midsaggital plane and viewed by an eye displaced laterally to the side of the 
midsagittal plane (see section 5.2.1.2 for details). These monocular stimuli were 
reported by all observers to lead to a perception of motion along an oblique 
trajectory, not direct approach towards the midpoint between the two eyes. 
Therefore, the responses elicited by observers to monocular stimuli were time-to-
passage estimations, whereby responses were made at the same time as the observer 
perceived that the stimuli would pass through the frontoparallel plane containing 
the two eyes. As this is inconsistent with the aims of our experiment (i.e. to explore 
egocentric TTC estimation), the lateral motion component was removed from the 
monocular condition stimuli for subsequent experiments.
Experiment 3 found no evidence of any differences in estimated TTCs between 
biocular and monocular conditions. This suggests that, when monocular cues indicate 
TTC, binocular cues that indicate zero motion of the object do not influence the TTC 
judgement, and estimates are based on monocular information. Therefore, although 
we have shown that binocular cues can influence TTC estimates when congruent 
with monocular cues in the combined-cue condition, binocular cues, when in 
direct conflict with monocular cues, do not necessarily influence TTC estimation. 
This is consistent with research by Rushton and Wann (1999), who found that, when 
looming and binocular disparity information for TTC were presented in conflict, or 
cues were degraded or lost, the relative weighting of the two cues was adjusted in 
favour of the information indicating the shorter TTC. This accounts for the similarity 
of TTC estimates found in experiment 3 between monocular conditions and biocular 
conditions, as monocular cues would dominate TTC judgement in both conditions.
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Results: Task type9.2.2.3 
Experiment 2 employed an absolute judgement task, similar to that used by Heuer 
(1993), however, this delivered large systematic and random errors. It was proposed 
that response error might be reduced by the implementation of a comparison 
judgement task (see section 6.2). In section 6.3.4.5, we compared the systematic 
errors obtained in experiments 2 and 3. For combined-cue conditions, the mean 
systematic error decreased from 42.3% (of the simulated TTC) for experiment 2, to 
29.4% for experiment 3 (see section 6.3.4.5).  In biocular conditions, mean systematic 
error went from 26.5% for experiment 2, to 19.1% for experiment 3. Although 
these between-group differences (see figure 6.11, p.205) may seem to suggest that 
observers’ estimates may be biased by the type of task, inspection of systematic error 
across the tasks for a single observer (AA) showed a much smaller effect (see figure 
6.12, p.206). Therefore, although the overall group of observers in the comparison 
task made more accurate TTC estimates than those making absolute judgements, we 
cannot conclude that this is a robust effect of task, as this may be an artifact of the 
sample. Further within-subjects comparisons would be needed to test for this.  
The random error refers to the trial-to-trial variation in TTC estimates (see section 
6.3.4.4). This dropped from 12.5% to 3.2% of the simulated TTC for the combined-
cue condition between experiments 2 and 3, and from 17.2% to 5.3% for the biocular 
condition. This demonstrates that the comparison judgement task in experiment 3 
obtained less trial-to-trial variation in TTC estimates than the absolute judgement 
task in experiment 2. This is apparent for both the between-group comparison (see 
figure 6.9, p.203), and within-subject comparison of responses from the observer 
(AA) who participated in both experiments (see figure 6.10, p.204).
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Conclusions from experiments 2, 3 and 49.2.2.4 
All three experiments yielded evidence of the contribution of binocular information 
to TTC judgement, with combined-cue conditions yielding shorter TTC estimates 
than biocular. However, the similarity in responses to monocular and biocular 
stimuli in experiment 3 demonstrate that, for biocular viewing (when binocular 
information specifies no motion in depth), the monocular cue dominates TTC 
judgement, and binocular information can be ignored. These findings suggest that, 
although monocular cues can be sufficient for TTC judgement, congruent binocular 
information can influence TTC estimation.
In addition to the main findings, the comparison of results from experiments 2 
and 3 indicates that TTC comparison tasks can obtain more precise TTC estimates 
from observers than absolute TTC judgements. This is in accordance with previous 
literature that compares data from different studies (see Tresilian, 1995), additionally, 
our findings demonstrate that this task effect is not an artifact of differences in the 
stimuli between studies.
The Use of CD and IOVD Information for Estimating TTC9.2.3 
Experiments 5 and 6 address the question of whether observers can utilise CD and/
or IOVD information to make TTC estimates, and to what extent do estimates made 
with CD and IOVD cues in isolation reflect estimates when both of these cues are 
available. We employed the same TTC comparison task as used for experiments 3 
and 4, using CRDT (contain both CD and IOVD information), DRDT (CD information), 
and TCRDT (IOVD information) stimuli. To distinguish whether observers responded 
using information from the boundary of the presented dot patterns that was available 
from all three of the aforementioned conditions (see section 7.2.2.1 for details), we 
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introduced the URDT (boundary information only) control condition. If observers 
showed no difference between estimates from CRDT and URDT stimuli, then it is 
possible that they based their responses only on boundary information, as opposed 
to the binocular information contained within the dot pattern. Five observers in 
experiment 5, and seven observers in experiment 6 showed significant differences 
between estimates from CRDT and URDT stimuli, suggesting that these twelve 
observers were able to utilise binocular information from within the stimulus 
boundary.
Results: CD and IOVD information and TTC estimation9.2.3.1 
There was a wide range of response patterns obtained in experiments 5.i and 6.i (see 
section 7.4.1). Sensitivity to IOVD information in TCRDT stimuli was demonstrated 
by nine observers, and sensitivity to CD in DRDT stimuli was demonstrated by six 
observers. Only four of the twelve observers showed sensitivity to both CD and 
IOVD information when presented in isolation. Of these four, two showed an effect 
of information combination (i.e. TTC estimates for CRDT stimuli differed to those 
from TCRDT and DRDT), and the remaining two showed no effect of combination 
(i.e. no difference between CRDT and TCRDT or DRDT estimates).
Of the nine observers sensitive to IOVD information, four showed evidence that TTC 
estimates were dominated by IOVD information (i.e. similar estimates for CRDT and 
TCRDT stimuli, no sensitivity to CD in DRDT, and dissimilar estimates for DRDT and 
CRDT stimuli). No observers, however, showed clear dominance of CD information 
for TTC estimates. 
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From our results, it is clear that the comparison of TTC judgements between CRDT 
and DRDT stimuli is not indicative of TTC judgements for TCRDT stimuli. Therefore, 
comparing stimuli that contain both CD and IOVD cues to TTC with stimuli that 
contain only CD cues does not predict observers’ ability to utilise IOVD cues to 
TTC. This may well have implications for studies of binocular MID perception that 
compare CRDT-like and DRDT-like stimuli to infer effects of IOVD information (e.g. 
Brooks & Stone, 2004). Our findings suggest that, whilst such comparison is valuable 
for investigating the effects of CD information, this does not necessarily reflect the 
contribution of IOVD information, whether presented in isolation, or in combination 
with CD information.
Conclusions from experiments 5 and 69.2.3.2 
The range of different patterns of responses for experiments 5 and 6 cannot be 
reduced to a simple generalization, suggesting that there are large individual 
differences in the use of CD and IOVD information for TTC estimation. We did not 
find any relationship between observers’ ability to utilise CD information for TTC 
estimation, and IOVD information. As a result of this, we conclude that the use of 
CD cues to TTC appears to be independent of the ability to use IOVD cues. This 
finding has implications not only for the understanding of binocular information, but 
also for the design of future investigations into the contribution of CD and IOVD 
information for MID perception.
Non-TTC Responses9.3 
One issue throughout our investigations of TTC has been the number of observers 
that do not show any evidence of having based responses on TTC information. This 
does not, of course, necessarily reflect the ability of these observers to detect and 
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estimate TTC in the real world (not tested). The artificiality of our stimuli and task, 
along with the lack of feedback, likely contribute to the inability of some observers to 
utilise TTC information to complete the task satisfactorily. In the real world, multiple 
monocular and binocular cues are available and consistent, and if we do encounter 
an object on a direct collision course with our body, then we take action to either 
intercept or avoid that object. By doing so, we receive feedback informing us of our 
success (or failure) in catching or dodging the approaching object. This interaction 
with the environment is absent from the TTC tasks described in this thesis, and in 
many other studies of TTC, and observers are required to translate familiar decisions 
into unfamiliar button-press responses. 
Perceptual systems appear opportunistic in nature, and often seek out the simplest 
rule on which to base responses (e.g. Tresilian, 1995). Therefore, it is plausible that, 
with artificial stimuli and no feedback, observers may be more likely to employ 
strategies or base responses on features of the stimulus presentation that do not 
reflect the way that they process TTC information in the real world. For example, 
in experiment 3 we found evidence that some observers delivered a pattern of data 
consistent with them basing responses on the timing of the comparison flash (see 
section 6.3.3.5.3), a strategy that has no real-world analogue. We therefore believe 
that it is crucial to analyse observers’ data for evidence that they base their responses 
on TTC information. Inclusion of data into analysis that does not reflect completion 
of a TTC task can lead to erroneous results and false conclusions.
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Underestimation vs. Overestimation of TTC9.4 
It is first important to note that the objective of our TTC experiments was to identify 
differences between the processing of monocular cues when congruent or incongruent 
binocular cues to TTC were also present. In this way, we were concerned with comparison 
of TTC estimates between conditions, and experiments were not designed to test accuracy 
of the estimates themselves. However, as noted previously (see section 5.3.2), the TTC 
estimates obtained in our experiments have tended to differ from those in other studies 
investigating the effect of binocular information  (e.g. Gray & Regan, 1998; Heuer, 1993). In 
experiment 2, we found the vast majority of responses to be underestimates, with average 
systematic errors of 31-34.5% of the simulated TTC. Research into TTC perception has often 
yielded underestimates in response to monocular, looming information, and has been shown 
for various task designs, whether the observer is static, and presented with approaching 
stimuli (Schiff & Detwiler, 1979; Gray & Regan, 1998), in a moving car approaching a 
stationary object (Cavallo & Laurent, 1988), or presented with a simulated collision course 
(McLeod & Ross, 1983). 
Research that has compared the relative effects of monocular and binocular 
information on TTC perception have reported the most accurate TTC estimates 
when both monocular and binocular information are available in the stimuli, and 
congruent, (Gray & Regan, 1998; Heuer, 1993; Cavallo & Laurent, 1988). However, 
our results for combined-cue stimuli in experiment 2 were the most biased, yielding 
the largest underestimates of any condition. Tresilian (1995) noted that absolute 
judgement tasks, such as that used in experiment 2, often report underestimates of 
around 60% of the simulated TTC. Such tasks have also been shown to yield large 
trial-to-trial variation in responses, of around 50% of the simulated TTC (Tresilian, 
1995). Therefore, in an effort to reduce error, we decided to perform an equivalent 
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experiment (3) using similar stimuli in a comparison judgement task. We found that, 
although there is evidence that both random and systematic error were reduced in 
experiment 3 in comparison to experiment 2 (section 6.3.4.4), all responses remained 
underestimates of the simulated TTC, and the combined-cue condition yielded the 
most biased responses, as in experiment 2.
Two studies that have been frequently cited throughout this thesis investigated the 
relative effects of monocular and binocular information on TTC judgement, Grey and 
Regan (1998) and Heuer (1993). Gray and Regan (1998) reported small systematic 
errors for combined-cue stimuli (1.3-2.7%), underestimates for biocular stimuli 
(2-12%), and overestimates (2.5-10%) for stimuli in which binocular cues indicated 
TTC, but size did not change (we will henceforth refer to these as binocular stimuli). 
Conversely, Heuer (1993) found overestimates in all conditions, with combined-cue 
stimuli the most accurate (systematic errors of ±10%), overestimates for biocular 
stimuli (up to 50%), and even larger overestimates for binocular stimuli (up to 
approximately 90%). Gray and Regan (1998) stated that one of the reasons for such 
large differences in systematic error between the two experiments could be due to 
the length of simulated TTC, as they employed simulated TTCs of 1.7, 2 and 2.7s, 
whereas Heuer (1993) used 2, 4 and 8s TTCs. Within Heuer’s data, it is apparent that 
the size of systematic error varies with the simulated TTC, such that overestimation 
in biocular and binocular conditions reduces with increasing TTC, and the 
combined-cue stimuli yield overestimates at a 2s simulated TTC, and underestimates 
for a simulated TTC of 8s (Heuer, 1993, figure 2). This effect of simulated TTC on 
systematic error has been documented previously (Kaiser & Mowafy, 1993; Schiff & 
Detwiler, 1979), and is also found in our own results from experiment 2 (see figures 
5.1 and 5.2, p.153-154). However, this trend was only evident in the results of one of 
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the four observers in experiment 3 (see figure 6.5, p.191, observer CH) for simulated 
TTCs of 3.6, 5 and 6.4s. 
Experiment 4 was a replication of experiment 3, using shorter simulated TTCs - 1.8, 
2.5 and 3.2s. One of the two observers (CJ) that completed both experiments 3 and 4 
showed a strong inverse correlation between simulated TTC and systematic error for 
simulated TTCs below 3.5s (see figure 6.19, p.217), with large overestimates for short 
TTCS, but little effect for TTCs larger than 3.5s. The other observer (AA) showed a 
more modest trend for increasing underestimation with simulated TTC, but there 
is no evidence that either observer showed a statistically significant trend. For the 
experiments in chapter 7, we found mostly underestimates of the 3.6s simulated TTC 
for experiment 5, and overestimates of the 1.8s TTC. However, these experiments 
used different observers, and so this difference could be due to sample effects. It 
appears that there is no simple way to predict whether TTC will be overestimated 
or underestimated. The evidence suggests that this may depend on the type of task 
used, the TTC information available and the simulated TTC, but it is also likely, 
given the range of observer response patterns encountered in our experiments, that 
individual differences will impact on the systematic error found in TTC estimation 
tasks.
TTC Comparison Task9.5 
We have, in previous sections, compared the use of comparison judgement tasks 
with absolute judgement tasks (see sections 6.3.4.4, 6.3.4.5). We now address 
some of the assumptions used in a comparison judgement task, and the issues that 
arise from them. One major assumption of our experiments has been that TTC 
judgements can be made when viewing objects that disappear at some point in 
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their trajectory. None of the calculations of TTC outlined in chapter 3 require that 
visual information need be continuous, and all of them can be performed at any 
point throughout the visible portion of the stimulus approach. However, Hancock 
and Manser (1997) investigated the ecological validity of the disappearing stimulus. 
They presented observers with a wrap-around display simulating a road junction 
and asked them to make TTC judgements of an approaching vehicle that was either 
occluded by a bush at some point in its trajectory, or simply vanished. They found 
that TTC estimates were up to 14% more accurate when the vehicle was occluded 
than when it vanished. As the stimuli were more ecologically valid in the occlusion 
condition than the disappearance condition, it is possible that the effects on accuracy 
could be due to this, and not the occlusion/disappearance dichotomy. However, 
using a combination of ecologically valid and invalid stimuli, Manser (1999) later 
showed that it was the process of occlusion that improved the accuracy of TTC 
estimates. This suggests that accuracy of our observers TTC estimates may suffer 
due to the abrupt disappearance of stimuli. Yet, as all conditions consisted of stimuli 
disappearing in the same manner, we would expect this effect to be equal across 
all conditions. Therefore our conclusions with respect to comparisons between our 
different stimulus conditions, still hold.
Another assumption of our task design is that observers are easily able to compare 
their TTC estimates with the timing of the comparator flash. Yet, it is possible that, 
although TTC is perceived somewhat accurately, the comparison of this with the 
occurrence of the flash is difficult or biased in some way. One potential factor in 
tasks such as those used in this thesis, is the effect of representational momentum 
(Freyd & Finke, 1984, as cited in Gray & Thornton, 2001). That is, the mislocalisation 
of the final visible position of the target in the direction of motion. It is proposed that 
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this is due to the representation of the target and its velocity, and may account for 
underestimation of TTC (Gray & Thornton, 2001).
Several spatiotemporal bias effects have been recorded, including the Frölich effect, 
whereby the initial position of a stimulus is misperceived in the direction of motion, 
and the flash-lag effect , where the position of a stimulus at the time a flash occurs 
is often mislocalised in the direction of motion (e.g. Kreegipu & Allik, 2003). These 
effects do not directly translate to our tasks, yet if the perceived position of target 
stimulus is disrupted either at onset, offset or at the time of flash, then this could lead 
to systematic biases in TTC estimates. Similarly, if the occurrence of the comparator 
flash disrupts perception of temporal parameters of the trial, then TTC estimates may 
be biased.
If these effects had occurred in our experiments, then we would expect consistent 
underestimates of TTC, as misperceiving the target as closer than simulated would shorten 
TTC estimates. However, there is evidence that such effects may be speed dependent, and 
that stereomotion may be more affected by such biases than looming stimuli (Lee, Li, Khuu 
& Hayes, 2005). Therefore, to fully understand the potential effects of bias from flash-target 
interaction in our experiments, more detailed analysis would be needed.
Unanswered Questions9.6 
One question that is yet to be answered concerns the relative influence of CD 
and IOVD information when they are both available in the stimulus. Our stimuli 
contained either the absence or presence of CD and IOVD information, with no 
varying degrees of conflict between the two. Therefore, we are unable to comment 
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on the relative weighting of the two types of binocular information when they are 
both available - as in real world situations. 
It is very complex, and ecologically invalid, to manipulate CD and IOVD information 
independently. However, using similar stimuli to that in experiments 5 and 6, one 
could manipulate the proportion of target dots that signal CD and/or IOVD within the 
stimulus. For example, 75% of the dots could be generated using the specifications 
of DRDT stimuli, and 25% generated as TCRDT stimuli. Theoretically, this stimulus 
should be no more incoherent as an approaching target than pure DRDT or TCRDT 
stimuli. If the two types of target dots were to correspond to the same TTC, then 
limited inferences could be made from comparisons of different DRDT/TCRDT dot 
ratios. By varying the TTCs indicated by each type of cue, it may be possible to gain 
insight into the relative weighting of CD and IOVD information in TTC estimates. 
Yet, this could cause distortions of the target as a single, coherent disc that does 
not change in shape, and render responses meaningless. A more elegant solution 
might be to use selective adaptation. By adapting observers to pure DRDT or TCRDT 
stimuli, subsequent exposure to targets composed of varying ratios of DRDT and 
TCRDT dots, but which indicate the same TTC, may reveal the relative effect of CD 
and IOVD information. 
We found evidence for large individual differences in the observers’ ability to use 
CD and IOVD for MID detection and TTC judgement. Yet we found no evidence 
that any of the tested factors were related to the dominance of either cue. That is, 
the influence of either, or both, of the cues on observers’ responses could not be 
predicted by the use of other TTC information, the response strategy they employed, 
their estimate of stimulus size or the frequency of playing ball games, video-games 
or watching tv (see section 8.4). This is in accordance with other studies that have 
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reported large individual differences in the use of CD and IOVD in other tasks (Nefs, 
O’Hare & Harris, 2009; Nefs & Harris, 2010). Further research is needed to determine 
whether there are any factors that cause, or covary with, the use of either, or both, 
CD and IOVD information. This would require a large observer sample, balanced for 
gender, opthalmological conditions, age, and many other potential factors.
General Conclusions9.7 
With regards to TTC judgement, we conclude that when binocular cues are available 
and congruent with monocular cues, then there is an influence on TTC estimation. 
However, when binocular cues are incongruent with monocular cues, as in biocular 
stimuli, then binocular information has no effect, and estimates are similar to those 
produced when only monocular cues are available. 
One of the most significant findings of this thesis is that both CD and IOVD 
information can be utilised by the visual system to detect MID, and to influence 
TTC judgements. Our findings of large individual differences have implications for 
all investigations on the perception of MID under binocular viewing conditions. It 
should not be generally assumed that all binocular MID stimuli stimulate the use of 
CD alone, as we have found that dependence on CD and IOVD information varies 
substantially between individuals. 
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Geometry of Relative Binocular Disparity A.1 
Here, we describe the geometry of relative binocular disparity, and the variables 
involved, as described by Cormack and Fox (1985). Figure A.1 illustrates the 
presentation of two points in depth, A and B, and the angles that these points 
subtend with respect to the two eyes, α and β. We consider here only the horizontal 
(x-axis) and depth (z-axis) planes, with the origin, O, set at the midpoint between the 
two eyes, such that any visual point to the right of O yields a positive x-axis value, 
and a visual point to the left of O yields a negative x-axis value. Similarly, all points 
in depth in front of the observer have positive z-axis values.
Convergence angles (Figure A.1 α and β) of 2 points in depth (A and B), as viewed 
from above.
O
A
J
I
B
α
β
Da
z
Db
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The depth difference between two visual points from an observer can be described 
in terms of relative binocular disparity, δ
r
. This is the difference in angles at which 
the projections of visual points fall on the two retinae (see section 1.3.2). The relative 
binocular disparity between points A and B is given by the difference between angles 
α and β: 
[A.1]
As can be seen in figure A.2, angle α can be described as the sum of angles α
1
 and 
α
2
:
[A.2]
In figure A.1, I denotes the distance between the two eyes, and J is half this value. In 
figure A.2, X
a
 is the distance of point A from O in the x-axis, and D
a
 is the distance 
in depth of point A from O, α
1  and α2 are therefore given by:
[A.3]
[A.4]
Similarly, as illustrated in figure A.3, β
1
 and β
2
 can be defined in terms of distance 
from O in depth, D
b
, and in the x-axis, X
b
:
[A.5]
[A.6]
Which sum to angle β:
[A.7]
δr =
δr (in radians) ≈
I · z
[Da · (Da + z)]
xi =
(D - Zi) · (I - Xi)
Zi
Xi +
α − β
α = α1 + α2
α1 = ATAN [(J + Xa)/Da]
α2 = ATAN [(J - Xa)/Da]
β1 = ATAN [(J + Xb)/Db]
β2 = ATAN [(J - Xb)/Db]
β = β1 + β2
δr = (α1 + α2) - (β1 + β2)
δr = {ATAN [(J + Xa)/Da] + ATAN [(J - Xa)/Da]} 
 - {ATAN [(J + Xb)/Db] - ATAN [(J - Xb)/Db]}
δr = [2 · ATAN (J /Da)] - [2 · ATAN (J /Db)]
δr (in radians) ≈
I · z
Da2
δr = α − β
δr = [2 · ATAN (J /Da)] - {2 · ATAN [J /(Da + z)]}
δr =
δr (in radians) ≈
I · z
[Da · (Da + z)]
xi =
(D - Zi) · (I - Xi)
Zi
Xi +
α − β
α = α1 + α2
α1 = ATAN [(J + Xa)/Da]
α2 = ATAN [(J - Xa)/Da]
β1 = ATAN [(J + Xb)/Db]
β2 = ATAN [(J - Xb)/Db]
β = β1 + β2
δr = (α1 + α2) - (β1 + β2)
δr = {ATAN [(J + Xa)/Da] + ATAN [(J - Xa)/Da]} 
 - {ATAN [(J + Xb)/Db] - ATAN [(J - Xb)/Db]}
δr = [2 · ATAN (J /Da)] - [2 · ATAN (J /Db)]
δr (in radians) ≈
I · z
Da2
δr = α − β
δr = [2 · ATAN (J /Da)] - {2 · ATAN [J /(Da + z)]}
δr =
δr (in radians) ≈
I · z
[Da · (Da + z)]
xi =
(D - Zi) · (I - Xi)
Zi
Xi +
α − β
 = α1 + α2
α  ATA  [(J + Xa)/Da]
α2 ATAN [(J - Xa)/Da]
β1 = ATAN [(J + Xb)/Db]
β2 ATAN [(J - Xb)/Db]
β = β1 + β2
δr = (α1 + α2) - (β1 + β2)
δr = {ATAN [(J + Xa)/Da] + ATAN [(J - Xa)/Da]} 
 - {ATAN [(J + Xb)/Db] - ATAN [(J - Xb)/Db]}
δr = [2 · ATA  (J / a)] - [2 · ATA  (J /Db)]
δr (in radians) ≈
I · z
Da2
δr = α − β
δr = [2 · ATAN (J /Da)] - {2 · ATAN [J /(Da + z)]}
r
r
  
  
i
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δr =
δr (in radians) ≈
I · z
[Da · (Da + z)]
xi =
(D - Zi) · (I - Xi)
Zi
Xi +
α − β
 = α1 + α2
α  ATA  [(J + Xa)/Da]
α2 ATAN [(J - Xa)/Da]
β1 = ATAN [(J + Xb)/Db]
β2 ATAN [(J - Xb)/Db]
β = β1 + β2
δr = (α1 + α2) - (β1 + β2)
δr = {ATAN [(J + Xa)/Da] + ATAN [(J - Xa)/Da]} 
 - {ATAN [(J + Xb)/Db] - ATAN [(J - Xb)/Db]}
r = [2 · ATAN (J /Da)] - [2 · ATAN (J /Db)]
δr (in radians) ≈
I · z
Da2
δr = α − β
δr = [2 · ATAN (J /Da)] - {2 · ATAN [J /(Da + z)]}
δr 
δr (in radians) ≈
I · z
[Da · (Da + z)]
xi =
(D - Zi) · (I - Xi)
Zi
Xi +
α − β
 = α1 + α2
1  [(J + a)/ a]
α2  [(J - Xa)/Da]
1 ATA  [(J +
β2 = ATAN [(J - Xb)/Db]
β = β1 + β2
r (α1 + α2) - (β1 + β2)
δr = {ATAN [(J + Xa)/Da] + ATAN [(J - Xa)/Da]} 
 - {ATAN [(J + Xb)/Db] - ATAN [(J - Xb)/Db]}
δr = [2 · ATAN (J /Da)] - [2 · ATAN (J /Db)]
δr (in radians) ≈
I · z
Da2
δr = α − β
δr = [2 · ATAN (J /Da)] - {2 · ATAN [J /(Da + z)]}
δr =
r
I · z
[ a · (Da + z)]
xi =
(D - Zi) · (I - Xi)
Zi
Xi +
α − β
α = α1 + α2
α1 = ATAN [(J + Xa)/Da]
α2 = ATAN [(J - Xa)/Da]
β1 = ATAN [(J + Xb)/Db]
β2 = ATAN [(J - Xb)/Db]
β = β1 + β2
δr = (α1 + α2) - (β1 + β2)
 {AT N [(J + Xa)/Da] +  [(J - X )/Da]} 
 - {ATAN [(J + Xb)/Db] - ATAN [(J - Xb)/Db]}
δr = [2 · ATA  (J / a)] - [2 · ATA  (J /Db)]
δr (in radians) ≈
I · z
Da2
δr = α − β
δr = [2 · ATAN (J /Da)] - {2 · ATAN [J /(Da + z)]}
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O
A
J
J - Xa
Xa
J + Xa
Da
α1
α2
Angles and variables associated with point AFigure A.2 
A
B
Db β1
β2
J + Xb
Xb
J - Xb
O
Angles and variables associated with point B.Figure A.3 
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It should be noted that X
b
 is a negative value, as it extends to the left from the origin. 
Also, when the visual point lies further from O along the x-axis than one of the 
eyes, e.g. |X
b
| > J, as in figure A.3, one of the component angles is negative (in our 
example, β
1
), and the angle is equal to the difference between the absolute values of 
β
1
 and β
2
. 
We have already stated that relative binocular disparity is equivalent to the difference 
between the two angles, α and β, subtended by the points in depth, A and B, and 
the two eyes (equation A.1). Therefore, substituting from equations A.2 – 7 gives us 
the full equation for relative binocular disparity: 
[A.8]
[A.9]
δr =
δr (in radians) ≈
I · z
[Da · (Da + z)]
xi =
(D - Zi) · (I - Xi)
Zi
Xi +
α − β
α = α1 + α2
α1 = ATAN [(J + Xa)/Da]
α2 = ATAN [(J - Xa)/Da]
β1 = ATAN [(J + Xb)/Db]
β2 = ATAN [(J - Xb)/Db]
β = β1 + β2
δr = (α1 + α2) - (β1 + β2)
δr = {ATAN [(J + Xa)/Da] + ATAN [(J - Xa)/Da]} 
 - {ATAN [(J + Xb)/Db] - ATAN [(J - Xb)/Db]}
δr = [2 · ATAN (J /Da)] - [2 · ATAN (J /Db)]
δr (in radians) ≈
I · z
Da2
δr = α − β
δr = [2 · ATAN (J /Da)] - {2 · ATAN [J /(Da + z)]}
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Simplification of the calculation of relative binocular A.2 
disparity
One widely used simplification of equation A.9 comes from the assumption that 
the two points in the scene lie on, or very close to, the midsaggital plane. This 
assumption reduces the value of X
a
 and X
b
 to zero, and can then be removed from 
equation A.9 to give the ‘trig law assuming symmetrical convergence’ (Cormack & 
Fox, 1985):
[A.10]
The distance to point B, D
b
, can also be expressed in terms of the distance to point 
A, D
a
, plus the distance between them, z. Equation A.10 then rearranges to:
[A.11]
As explained in section 1.3.3, for small angles, the tangent of the angle approximately 
equals the angle expressed in radians. This ‘nontrig law assuming symmetric fixation’ 
simplifies equation A.11 to:
[A.12]
When the two points are close to one another relative to the distance from the 
observer (i.e. D
a
 + z approximately equals D
a
), then equation A.12 can be further 
simplified to the ‘distance squared law’:
[A.13]
Using these assumptions, only three simple measurements are required to 
approximate relative disparity. 
δr =
δr (in radians) ≈
I · z
[Da · (Da + z)]
xi =
(D - Zi) · (I - Xi)
Zi
Xi +
α − β
α = α1 + α2
α1 = ATAN [(J + Xa)/Da]
α2 = ATAN [(J - Xa)/Da]
β1 = ATAN [(J + Xb)/Db]
β2 = ATAN [(J - Xb)/Db]
β = β1 + β2
δr = (α1 + α2) - (β1 + β2)
δr = {ATAN [(J + Xa)/Da] + ATAN [(J - Xa)/Da]} 
 - {ATAN [(J + Xb)/Db] - ATAN [(J - Xb)/Db]}
δr = [2 · ATAN (J /Da)] - [2 · ATAN (J /Db)]
δr (in radians) ≈
I · z
Da2
δr = α − β
δr = [2 · ATAN (J /Da)] - {2 · ATAN [J /(Da + z)]}
δr =
δr (in radians) ≈
I · z
[Da · (Da + z)]
xi =
(D - Zi) · (I - Xi)
Zi
Xi +
α − β
α = α1 + α2
α1 = ATAN [(J + Xa)/Da]
α2 = ATAN [(J - Xa)/Da]
β1 = ATAN [(J + Xb)/Db]
β2 = ATAN [(J - Xb)/Db]
β = β1 + β2
δr = (α1 + α2) - (β1 + β2)
δr = {ATAN [(J + Xa)/Da] + ATAN [(J - Xa)/Da]} 
 - {ATAN [(J + Xb)/Db] - ATAN [(J - Xb)/Db]}
δr = [2 · ATAN (J /Da)] - [2 · ATAN (J /Db)]
δr (in radians) ≈
I · z
Da2
δr = α − β
δr = [2 · ATAN (J /Da)] - {2 · ATAN [J /(Da + z)]}
δr 
δr (in radians) ≈
I · z
[Da · (Da + z)]
xi =
(D - Zi) · (I - Xi)
Zi
Xi +
α − β
 = α1 + α2
1  [(J + a)/ a]
α2  [(J - Xa)/Da]
1 ATA  [(J +
β2 = ATAN [(J - Xb)/Db]
β = β1 + β2
δr = (α1 + α2) - (β1 + β2)
δr = {ATAN [(J + Xa)/Da] + ATAN [(J - Xa)/Da]} 
 - {ATAN [(J + Xb)/Db] - ATAN [(J - Xb)/Db]}
δr = [2 · ATAN (J /Da)] - [2 · ATAN (J /Db)]
δr (in radians) ≈
I · z
Da2
δr = α − β
δr = [2 · ATAN (J /Da)] - {2 · ATAN [J /(Da + z)]}
δr =
δr (in radians) ≈
I · z
[Da · (Da + z)]
xi =
(D - Zi) · (I - Xi)
Zi
Xi +
α − β
α = α1 + α2
α1 = ATAN [(J + Xa)/Da]
α2 = ATAN [(J - Xa)/Da]
β1 = ATAN [(J + Xb)/Db]
β2 = ATAN [(J - Xb)/Db]
β = β1 + β2
δr = (α1 + α2) - (β1 + β2)
r {AT N [(J + Xa)/Da] +  [(J - Xa)/Da]} 
 - {ATAN [(J + Xb)/Db] - ATAN [(J - Xb)/Db]}
δr = [2 · ATAN (J /Da)] - [2 · ATAN (J /Db)]
δr (in radians) ≈
I · z
Da2
δr = α − β
δr = [2 · ATAN (J /Da)] - {2 · ATAN [J /(Da + z)]}
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As can be seen by the ‘distance squared law’ in equation A.13, relative binocular 
disparity is scaled by distance (D
a
). This means that, when two points remain at an 
equal metric distance apart, z, the relative disparity between these two points is 
very large when the observer is close to them, but reduces quickly as the points are 
presented at greater distances from the observer. 
For example, figure A.4 plots the binocular relative disparity value (in degrees) for 
two flowers in a scene that are 1m apart in depth when the observer is between. 
These values are given for distances between the observer and the closest flower 
of 4m down to 9cm. At 4m away from the observer, the relative binocular disparity 
between them is approximately 15 seconds arc (0.004º), assuming an inter-ocular 
distance of 6.5cm). As the observer approaches the flowers, the relative binocular 
disparity increases to approximately 1 min arc (0.016º) at a distance of 2m, giving a 
4-fold increase in relative disparity for a 2-fold decrease in distance. At distances less 
than 1m, it can be seen that relative binocular disparity increases rapidly. Conversely, 
in order to yield the same relative disparity value, the physical depth separation of 
0
2
4
6
8
01234
Distance (m)
Relative binocular
disparity
(degrees)
Relative binocular disparity of constant metric depth difference between Figure A.4 
objects (1m), plotted against distance of observer from the closest object (in metres).
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2 points must increase at twice the rate of increase of the distance, e.g. four-fold 
increase in z when distance is doubled. 
This scaling of disparity with distance has consequences for 3D objects, in that their 
(disparity-determined) shape distorts with distance. This was investigated by Johnston 
et al. (1991), who used random dot stereograms (computer-generated disparity-
defined binocular stimuli) of cylinders of varying circularity presented at different 
viewing distances. It was found that large viewing distances produced underestimates 
of depth, and short distances give overestimates of depth. Hence, cylinders viewed 
at large distances appeared squashed in depth, and elongated at short distances. 
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Experiment 2 SundriesA.3 
Participant Information SheetA.3.1 
General
This experiment is part of a larger series of experiments that allows us to determine 
how people perceive motion-in-depth.  Because the left and right eyes see the world 
from slightly different viewpoints, the images in the two eyes are also slightly different. 
Humans are able to work out from these tiny differences how far objects are in the 
world and how deep they are. The change in the images over time is a major source 
for the perception of motion towards and away from the observer.  It is of high 
importance for things like catching balls, ducking, driving, etc. In these experiments 
we take a closer look at the mechanisms that underlie accurate perception of motion 
in the depth dimension. 
The Experiment
The entire experiment will consist of 20 sessions of about 30 minutes each (ie. 10 
hours total). During the experiment you will sit in the dark with your head positioned 
on a chin rest whilst viewing stimuli on a computer monitor. You will wear special 
glasses that allow us to present different images to the two eyes. There will be a lot 
of similar trials. 
 Exam ple s timuli 
Example Stimuli
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Instructions:
You will be presented with moving patterns of red dots.1. 
Please concentrate only on the central square (indicated by dashed lines in 2. 
the example), not on the top or bottom bands of dots.
There will be two consecutive intervals:3. 
One interval will contain motion in depth - signal• 
(ie. 3-dimensional movement, towards/away)• 
The other interval will not • 
(random movement of dots)• 
When prompted, please indicate which interval contained the signal (1 or 2). 4. 
Make your response by pressing either ‘1’ or ‘2’ on the computer keyboard 5. 
respectively.
The stimuli are chosen such that some are easy and some are difficult. There are no 
right or wrong answers, because we are only interested in what motion you see, not 
what the physical motion is. 
Prior to the experiment we will conduct a few tests on your visual acuity, colour 
vision, stereovision, and eye motility to make sure that you have no visual problems. 
Glasses or contact lenses are not generally a problem. In the case that you do not 
pass these vision tests, it does not mean that there is anything wrong with you. The 
standards for research are higher than for those in a clinical situation. Since we are 
not trained in clinical ophthalmology, we will not comment or advise on any clinical 
issues. In the case that the results worry you we will write down the test results so 
that you can discuss it with your GP.
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We are grateful for your participation, and you are free to withdraw from the 
experiment without explanation and have your data destroyed at any time during 
or after your involvement. The data gained from experimental sessions will be kept 
confidential and available only to those researchers on this project. In the case of 
publication of the investigation, records will be anonymous and unidentifiable.
Please feel free to ask questions at any time.
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Consent FormA.3.2 
Participant Details
Observer Code:
Age:
Gender:
Vision tests:
 Vision Acuity near  
 Vision Acuity far 
 Colour 
 Stereo 
 Eye movements 
 Ophthalmological history  
Participant Informed Consent
I have read and understood the participant information sheet.• 
I have been given the opportunity to ask all the questions that I have, and to • 
discuss any aspect of the Experiment.
I have been given satisfactory answers to my questions.• 
I understand that I am free to withdraw from the study at any time, and need • 
give no explanation for doing so.
I agree to take part in this study.• 
Name:
Date:
Signature:
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Debriefing FormA.3.3 
You have just taken part in an experiment in the Vision Lab. This experiment is part 
of a larger series of experiments that allows us to determine how people perceive 
motion-in-depth. 
There are two central models in this project:
Motion in depth is perceived because the angle that is spanned between the 1. 
right eye, the stimulus and the left eye changes over time.
Motion in depth is perceived because the image in the right eye moves opposite 2. 
the image in the left eye with a certain speed.
Mathematically speaking, these two hypotheses are perfectly equivalent. However, 
it is uncertain how the visual system does it. The experiments are designed to 
determine under which conditions which of the two models are used by the visual 
system.
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We designed the stimuli such that motion can only be detected if the visual system 
uses either model 1, or model 2. We determined the minimum amounts of motion 
information that is needed for you to detect motion. For this reason you have viewed 
a large number of trials in which you can just see or just not see the motion. If you 
are interested, the experimenter will show you your own data.
These experiments are important to understand how the perception of motion is 
accomplished from a theoretical point of view. Practical applications can be found, 
for example, in virtual reality applications, or in “augmented reality” where virtual 
objects and signage are added to the real world. These applications are often 
intended to enhance safety in potentially dangerous environments. For that purpose 
a deep understanding of how motion towards-and-away from the observer can be 
made reliably visible is highly important.
For more information please contact one of the project members at the school of 
psychology [details given].
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Experiment 2 Stimulus VariablesA.4 
All counterbalanced, therefore 192 unique stimuli
a) c: Completely correlated; b: binocularly correlated; t: temporally correlated; n: 
non-correlated
b) Presentation interval in which signal was presented, noise presented in other 
interval
c) Number of target dots containing MID signal
Target Type
Reference 
Typea
Presentation 
orderb
Signal dotsc
RDS
DRDS
TCRDS
c
b
t
n
First
Second
8
15
23
30
38
45
53
60
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TTC SundriesA.5 
Participant Information SheetA.5.1 
General
This study is part of a series of experiments that investigate how we perceive motion-
in-depth. The entire experiment will consist of around 15 sessions of about 60 
minutes each (ie. ~15 hours total). During the experiment you will sit in the dark with 
your head positioned on a chin rest whilst viewing stimuli on a computer monitor. 
You will wear special glasses that allow us to present different images to the two 
eyes. There will be a lot of similar trials. 
Instructions:
At first you will see a fixation cross, please keep focused on this1. 
A patch of red dots will briefly appear to move towards you2. 
Please concentrate only on the central dots, not on the surrounding 3. 
frame. 
After a short time, these dots will disappear4. 
After a brief pause, the screen will flash red5. 
Please indicate via the number pad, either:6. 
a) the patch of dots would reach you before the flash
b) the flash occurred before the patch of dots would reach you
A demonstration session will be run first, to give you a feel for the task
Please remember that we are only interested in the timing of when you think the 
dots will reach you. In this way, there are no right or wrong answers.
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Prior to the experiment we will conduct a few tests on your visual acuity, colour 
vision, stereovision, eye dominance and eye motility to make sure that you have 
no visual problems that would affect our results. Glasses or contact lenses are 
not generally a problem. In the case that you do not pass these vision tests, it 
does not mean that there is anything wrong with you. The standards for research 
are higher than for those in a clinical situation. Since we are not trained in clinical 
ophthalmology, we will not comment or advise on any clinical issues. In the case 
that the results are of concern to you, we will write down the test results so that you 
can discuss it with your GP.
We are grateful for your participation, and you are free to withdraw from the 
experiment without explanation and have your data destroyed at any time during 
or after your involvement. The data gained from experimental sessions will be kept 
confidential and available only to those researchers on this project. In the case of 
publication, records will be anonymous and unidentifiable.
Please feel free to ask questions at any time.
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TTC Consent FormA.5.2 
Participant Details
Observer Code __________________
Age   __________________
Gender   __________________
Vision tests:
 Vision Acuity near    □
 Vision Acuity far   □
 Colour     □
 Stereo     □
 Eye movements   □
 Ophthalmological history   □
 Eye dominance   □
Participant Informed Consent
I have read and understood the participant information sheet.• 
I have been given the opportunity to ask all the questions that I have• 
I have been given satisfactory answers to my questions.• 
I understand that I am free to withdraw from the study at any time, and need • 
give no explanation for doing so.
I agree to take part in this study.• 
Name (print) ______________________________
Date  ______________________________
Signature ______________________________
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TTC Debrief SheetA.5.3 
Thank you for taking part in our ‘3D Approach’ experiment at the Vision Lab. This study 
is part of a larger series of experiments exploring the way we perceive motion-in-depth 
(ie. in three-dimensions).
This study in particular was designed to investigate what sources of visual information 
are used to judge when an approaching object will hit us, this is referred to as ‘time 
to contact’. You will probably know that when an object comes straight towards you, it 
appears to increase in size and will occlude other, more distant, objects. These cues 
to motion-in-depth are available whether both eyes are open, or either one is closed. 
Hence, we refer to these as monocular cues.
As we have 2 eyes set apart horizontally in the head, each receives a slightly different 
view from the other. Cues to motion-in-depth gained by comparing the images received 
by each eye are referred to as binocular cues. For example, if there are 2 points in 
space directly ahead of our nose but at different distances, then the left eye will see the 
farther point as to the left of the nearer point, and the right eye will see it as to the right 
of the nearer point. Therefore, if a single object moves from the nearer to the farther 
position, then it will appear to move leftwards in the left eye, and rightwards in the right 
eye.
When viewing with both eyes, we do not notice this horizontal motion, but our visual 
system is able to utilise these differences between the eyes’ views to give us depth 
information on the world around us. 
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In this experiment we presented stimuli under 4 conditions:
Both monocular and binocular cues1. 
Appropriate differences between images presented to left and right eyes• 
Monocular cues to both eyes simultaneously2. 
Both eyes receive the same image – as with tv and video games• 
Monocular cues to left eye only3. 
Monocular cues to right eye only4. 
By comparing the estimated times-to-contact across these conditions we hope to 
explore whether binocular cues are important for perceiving motion-in-depth in such 
tasks. This will be shown by a marked improvement in performance for stimuli shown 
with all cues, in comparison to those containing only monocular cues.
These experiments are important to understand how the perception of motion is 
accomplished from a theoretical point of view. Practical applications can be found for 
example in virtual reality applications, or in “augmented reality” where virtual objects and 
signage are added to the real world. These applications are often intended to enhance 
safety in potentially dangerous environments. For that purpose a deep understanding 
of how motion towards and away from the observer can be made reliably visible is 
important.
Thank you once again for your contribution.
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Experiment 5 Stimulus ParametersA.6 
Presented for each target type, therefore 108 unique stimuliExperiment 5 – Absolut  judgement5.7 
Presented for each target type, therefore 108 unique stimuli
Target type TTC
(s)
Initial 
distance 
(cm)
Speed *
(cm/s)
Presentation 
duration *
(s)
Change 
in 
distance 
(cm)
Final 
distance *
 (cm)
Combined-
cue
Biocular
Monocular-
right
Monocular-
left
3.69 157 42.5 0.40 33.96 123.04
3.81 162 42.5 0.40 33.96 128.04
3.93 167 42.5 0.40 33.96 133.04
4.58 149 32.5 0.40 25.97 123.03
4.74 154 32.5 0.40 25.97 128.03
4.89 159 32.5 0.40 25.97 133.03
6.27 141 22.5 0.40 17.98 123.02
6.49 146 22.5 0.40 17.98 128.02
6.71 151 22.5 0.40 17.98 133.02
3.92 166.52 21.25 0.51 42.95 123.57
4.04 171.52 21.25 0.51 42.95 128.57
4.15 176.52 21.25 0.51 42.95 133.57
4.81 156.28 16.25 0.51 32.84 123.44
4.96 161.28 16.25 0.51 32.84 128.44
5.12 166.28 16.25 0.51 32.84 133.44
6.49 146.04 11.25 0.51 22.74 123.30
6.71 151.04 11.25 0.51 22.74 128.30
6.94 156.04 11.25 0.51 22.74 133.30
4.17 177.4 21.25 0.63 53.93 123.47
4.29 182.4 21.25 0.63 53.93 128.47
4.41 187.4 21.25 0.63 53.93 133.47
5.06 164.6 16.25 0.63 41.24 123.36
5.22 169.6 16.25 0.63 41.24 128.36
5.37 174.6 16.25 0.63 41.24 133.36
6.75 151.8 11.25 0.63 28.55 123.25
6.97 156.8 11.25 0.63 28.55 128.25
7.19 161.8 11.25 0.63 28.55 133.25
331
Appendices
Figures for Experiment 7.1.iiiA.7 
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Simulated TTC:
TTC information use. Percentage of ‘before’ responses plotted against Figure A.5 
onset-flash time for all three simulated TTCs. Lines from fitted cumulative-Gaussian 
detailed in section 4.6.2. Data from combined-cue condition only.
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Final QuestionsA.8 
Following question administered to all observers participating in TTC experiments:
In an average week, roughly how many hours do you spend watching tv:
In an average week, roughly how many hours do you spend playing video games:
Were there any differences between the stimuli you saw?
Could you briefly jot down how you completed the task (ie. task instructions)
Any other comments?
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